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INVESTIGATORS' REPORT 

Retention Modeling of Diesel Exhaust Particles in Rats and Humans 

c. P. Yu 1 and K. J. Yoon 

ABSTRACT 

The objective of this study was to predict the lung burden 
in rats and humans of diesel exhaust particles from automo
bile emissions by means of a mathematical model. We pre
viously developed a model to predict the deposition of 
diesel exhaust particles in the lungs of these species. In this 
study, the clearance and retention of diesel exhaust parti
cles deposited in the lung are examined. 

A diesel particle is composed of a carbonaceous core 
(soot) and adsorbed organics. These materials can be re
moved from the lung after deposition by two mechanisms: 
(1) mechanical clearance, provided by mucociliary trans
port in the ciliated airways as well as macrophage phagocy
tosis and migration in the nonciliated airways, and (2) clear
ance by dissolution. To study the clearance of diesel 
exhaust particles from the lung, we used a compartmental 
model consisting of four anatomical compartments: naso
pharyngeal, tracheobronchial, alveolar, and the lung-asso
ciated lymph node compartments. We also assumed a parti
cle model made up of material components according to the 
characteristics of clearance: (1) a carbonaceous core of about 
80 percent of particle mass, (2) slowly cleared organics of 
about 10 percent of particle mass, and (3) fast-cleared or
ganics accounting for the remaining 10 percent of particle 
mass. 

The kinetic equations of the retention model were first 
developed for Fischer-344 rats. The transport rates of each 
material component of diesel exhaust particles (soot, 
slowly cleared organics, and fast-cleared organics) were de
rived using available experimental data and several mathe
matical approximations. The lung burden results calcu
lated from the model showed that although the organics 
were cleared at nearly constant rates, the alveolar clearance 
rate of diesel soot decreased with increasing lung burden. 
This is consistent with existing experimental observations. 
At low lung burdens, the alveolar clearance rate of diesel 
soot was a constant, equal to the normal clearance rate con
trolled by macrophage migration to the mucociliary escala
tor, whereas at high lung burdens, the clearance rate was de
termined principally by transport to the lymphatic system. 

1 Correspondence may be addressed to Dr. C. P. Yu, Depa1tment of Aerospace 
and Mechanical Engineering, State University of New York at Buffalo, 
Room 314, Engineering East, Amherst, NY 14260. 

The retention model of diesel exhaust particles for rats 
was extrapolated to humans of different age groups, from 
birth to adulthood. To derive the transport rates for the hu
man model, the mechanical clearance from the alveolar re
gion of the lung was assumed to be dependent on the spe
cific particulate burden on the alveolar surface. The 
reduction in the mechanical clearance in adult humans 
caused by exposure to high concentrations of diesel exhaust 
was found to be much less than that observed in rats. The 
reduction in children was greater than that in adults. For 
clearance by dissolution, the transport rates were assumed 
to be the same for humans and rats. 

We combined the retention and deposition models for 
diesel exhaust particles to compute the accumulated mass 
of diesel soot and the associated organics in various com
partments of the human lung under different exposure con
ditions. The lung burdens of both diesel soot and the as
sociated organics were found to be much higher in humans 
than in rats for the same period of exposure because of the 
higher particle intake and slower clearance rate in humans. 
The reduction in clearance caused by excessive lung bur
dens would not occur in humans if the exposure concentra
tion were kept below 0.05 mg/m 3 . Also, it was found that 
for the same exposure, the lung burden per unit of lung 
weight was higher in children and reached a maximum at 
about five years of age. These results are of use in assessing 
the health risk of exposure to diesel exhaust particles. 

INTRODUCTION 

Diesel-powered motor vehicles provide considerably 
higher fuel economy and reduced exhaust emissions of car
bon monoxide and hydrocarbons than do equally perform
ing gasoline engines. However, they also produce signifi
cantly more particulate matter. These particles consist 
principally of a combustion-generated carbonaceous core 
on which various amounts of solvent-extractable organic 
compounds are adsorbed. Some of these compounds are 
carcinogens and mutagens (Schuetzle 1983). 

The health effects of exposure to diesel exhaust have been 
of public concern for many years and continue to be, given 
the potentially increased use of diesel engines in future 
forms of transportation. Long-term exposure of animals to 
high concentrations of inhaled diesel exhaust conducted at 
different laboratories have shown that there is an accumula
tion of diesel soot (Chan et al. 1981, 1984; Griffis et al. 1983; 
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Heinrich et al. 1986; Wolff et al. 1987; Strom et al. 1988), for
mation of DNA adducts (Wolff et al. 1986), and incidence 
of tumors (Brightwell et al. 1986; Ishinishi et al. 1986; Iwai 
et al. 1986; Stober 1986; Mauderly et al. 1987) in the lungs 
of rats. No carcinogenic effects of diesel exhaust were ob
served in hamsters (Heinrich et al. 1982, 1986), and con
flicting results were reported in mice (Orthoefer et al. 1981; 
Pepelko 1982; Heinrich et al. 1986). 

Controlled experiments of diesel exposure have not been 
conducted on humans. Epidemiological studies on the 
health effects of diesel exhaust are inconclusive. A study by 
the British Medical Research Council, which evaluated 
London bus workers, claimed that diesel exhaust posed no 
serious threat to public health (Waller 1980). However, other 
studies conducted more recently (Harris 1983; Garshick et 
al. 1988) appear to show a definite relationship between ex
posure and lung cancer risk. Despite all these uncertain
ties, it is clear that the potential hazards of diesel exhaust 
are directly related to diesel concentration and duration of 
exposure. Because exposure to the gas phase of diesel ex
haust does not result in tumor formation (Heinrich et al. 
1986), work has focused on the effects of the particulate 
phase. Central to any risk assessment of the particulate 
phase is knowledge of the amount of inhaled particles de
posited in the lung during an exposure and the subsequent 
fate of the particulate-phase components after deposition. 

Mathematical models have often been used to comple
ment experimental studies of the deposition and clearance 
of inhaled particles in the lungs. They not only enhance our 
understanding of the exposure-dose-response relationship 
for rats, but also provide a quantitative basis for extrapolat
ing the data to humans. The deposition of diesel particles 
in laboratory species and humans was investigated using 
mathematical models in a previous study (Yu and Xu 1987b; 
see also Yu and Xu 1986, 1987a; Xu and Yu 1987). The 
predicted deposition results in animals from this study 
were verified by actual experimental data. Although model
ing studies on clearance and retention have been conducted 
previously by many investigators (for a review see Morrow 
and Yu 1985; Oberdorster 1989), few studies dealt specifi
cally with diesel exhaust (Soderholm 1982; Strom et al. 
1988). In these studies, efforts were made to simulate the 
measured accumulations of diesel soot in rat lungs at high 
inhaled concentrations using mathematical models. The 
clearance of the particle-associated organics from the lung 
was not addressed. Because the organics contain certain 
polycyclic aromatic hydrocarbons that are mutagenic 
(Lewtas 1983; Brooks et al. 1984) and carcinogenic (El
Bayoumy et al. 1984), there is a critical need to establish a 
complete retention model that simulates the transport and 
removal of both diesel soot and the associated organics in 
the lung. 

2 

Retention Modeling of Diesel Exhaust Particles in Rats and Humans 

SPECIFIC AIMS 

The specific aims of this study were to develop a mathe
matical retention model of diesel exhaust particles (DEPs) 2 

in the lungs of rats on the basis of available experimental 
data, and to extrapolate this model from rats to humans for 
predictive uses. The model would consider two special fea
tures of clearance for DEPs: (1) the composition ofthe parti
cle, that is, carbonaceous core and the associated organics, 
and (2) the reduction of the clearance rate of diesel soot at 
high lung burdens. The retention model developed in this 
study, in conjunction with the deposition model of DEPs 
developed earlier, would then be used to calculate accumu
lations of different material components of DEPs in various 
anatomical compartments of the lung during exposure. 

METHODS 

PARTICLE MODEL FOR CLEARANCE STUDY 

Diesel exhaust particles are irregularly shaped aggregates 
with a mass median aerodynamic diameter (MMAD) of ap
proximately 0.2 11m. The adsorbed organics generally ac
count for 10 to 30 percent of the particle mass. The exact 
size distribution of DEPs and the amounts and specific 
composition of the adsorbed organic compounds depend 
on many factors including engine design, fuels used, en
gine operating conditions, and thermodynamic processes 
that occur during exhaust. Extensive reviews of the physical 
and chemical characteristics of DEPs were made, respec
tively, by Amann and Siegla (1982) and Schuetzle (1983). 

To develop a mathematical model that simulates the 
deposition and clearance of DEPs in the lung, appropriate 
particle models characterizing a diesel particle must first 
be introduced. In the deposition study, we employed an 
equivalent sphere model for diesel soot with different aero
dynamic, diffusional, and interceptional diameters to 
simulate the dynamics and deposition of DEPs by various 
mechanisms (Yu and Xu 1987b). In the present clearance 
study, we assumed that a diesel particle was composed of 
three material components according to their characteristic 
clearance rates: (1) a carbonaceous core of approximately 80 
percent of particle mass, (2) adsorbed organics slowly 
cleared from the lung of about 10 percent of particle mass, 
and (3) adsorbed organics quickly cleared from the lung ac
counting for the remaining 10 percent of particle mass. The 
presence of two discrete organic phases in the particle 
model was suggested by observations that the removal of the 

2 A list of abbreviations appears at the end of this report for your reference. 
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particle-associated organics from the lung exhibited a 
biphasic clearance curve (Sun et al. 1984; Bond et al. 1986). 
This curve represents two major kinetic clearance phe
nomena: a fast phase of organic washout with a half-time 
of a few hours and a slow phase with a half-time that is a 
few hundred times longer. The detailed components in
volved in each phase of the clearance are not known. It is 
possible that the fast phase consists of organics that are 
leached out primarily by diffusion mechanisms while the 
slow phase might include any or all of the following compo
nents: (1) organics that are "loosened" before they are 
released; (2) organics that have become intercalated in the 
carbon core, which impedes release; (3) organics that are 
associated for longer periods of time due to hydrophobic in
teraction with other organic phase materials; (4) organics 
that have been ingested by macrophages, and as a result, ef
fectively remain in the lung for a longer period of time due 
to metabolism by the macrophage- metabolites formed may 
interact with other cellular components; and (5) organics 
that have directly acted on cellular components, for exam
ple, by forming covalent bonds with DNA to form adducts. 

The above distinction of the organic components is 
largely mechanistic, and it does not specifically imply the 
actual component nature of the organics adsorbed on the 
carbonaceous core. However, this distinction is necessary 
in appreciating the dual-phase nature of DEPs. For aerosols 
made of pure organics, such as benzo[a]pyrene (BaP) and 
nitropyrene (NP), in the same size range of DEPs, Sun and 
colleagues (1984) and Bond and associates (1986) observed 
a nearly monophasic clearance curve. This might be ex
plained by the absence of intercalative phenomena (2) and 
of hydrophobic interaction imposed by a heterogeneous 
mixture of organics (3). The measurement of a pure organic 
might also neglect that quantity that has become intracellu
lar (4) or covalently bound (5). 

RETENTION MODEL AND KINETIC EQUATIONS 

Diesel exhaust particles are removed from the lung by two 
principal mechanisms: (1) mechanical clearance, provided 
by mucociliary transport in the ciliated airways, macrophage 
phagocytosis, and migration in the nonciliated airways, and 
(2) clearance by dissolution. Under normal circumstances, 
diesel soot is removed by mechanical transport, and the 
particle-associated organics are removed by dissolution. To 
study the transport and removal of DEPs from the lungs, we 
used a compartmental model consisting of four anatomical 
compartments: the nasopharyngeal or head (H), tracheo
bronchial (T), alveolar (A), and lung-associated lymph node 
(L) compartments, as shown in Figure 1. In addition, we 
used two outside compartments, the blood (B) and gastroin
testinal tract (G). The alveolar compartment in the model is 

(i) 0 I 

A,HB 
H 

A,HG 

(i) G rT 
(i) 0_ (i) 

A,TB 
T 

A,TG 

(i) 
(i) 

B A, AT rA 
(i) 0 

A,AB 
A 

(i} 

(i) A,AL 

ALB 
L 

Figure 1. Compartmental model of diesel particle retention. H = head; 
T ~ tracheobronchial; A ~ alv~olar; ],. ~ lung-associated lymph nodes; B ~ 
blood; G ~ gastrointestinal tract; A,(') terms are the transport rates for the 
compartments indicated in the subscript; and r(') terms are the mass deposi
tion rates for the compartments indicated in the subscript. 

obviously the most important compartment for long-term 
retention studies. However, for short-term consideration, 
retention in other lung compartments may also be signifi
cant. The presence of these lung compartments and the two 
outside compartments in the model therefore provides a 
complete description of all clearance processes involved. 

In Figure 1, rW, rffJ, and r~l are, respectively, the mass 
deposition rates of DEP material componenti (i = 1 [core], 
2 [slowly cleared organics], and 3 [fast-cleared organics]) in 
the head, tracheobronchial, and alveolar compartments; 
and A.~y represents the transport rate of material compo
nent i from compartment X to compartment Y. 

Let the mass fraction of material component i of a diesel 
particle be fi. Then 

(i) 
rH = firH' (1) 

(i) 
ry = firT, (2) 

(i) 
rA = firA ' (3) 

where rH, ry, and rA are, respectively, the total mass depo
sition rates of DEPs in the H, T, and A compartments, deter
mined from the equations 
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rH = C(TV)(RF)(DF)H , 

rT = C(TV)(RF)(DF)T , 

rA = C(TV)(RF)(DF)A . 

(4) 

(5) 

(6) 

In equations 4 through 6, C is the mass concentration of 
DEPs in the air, TV is the tidal volume, RF is the respiratory 
frequency, and (DFJH, (DFJT, and (DFJA are, respectively, 
the deposition fractions of DEPs in H, T, and A compart
ments over a respiratory cycle. The values of (DFJH, (DFJT, 

and (DFJA, which vary with particle size, breathing condi
tions, and lung architecture, were determined from our 
deposition model (Yu and Xu 1987b). 

The differential equations for m ~, the mass of material 
component i in compartment X, as a function of exposure 
time t can be written as 
Head (H) 

dmYJ I dt = rYJ - "-YJcmYJ - J..fj)BmYJ , (7) 

Tracheobronchial (T) 

dm[Ti)ldt = r(Ti) + J..Ul m[il - J..Ul m[il - J..Ul m[il (8) AT A TG T TB T ' 

Alveolar (A) 

dm~l I dt = r~l - /..~~m~l - "-~im~l - "-~km~l , (9) 

Lymph nodes (L) 

dm[illdt - J..Ul m[il - J..[il m[il L - AL A LB L · 

Equation 9 may also be written as 

dm[illdt _ r[il _ J..Ulm[il A - A A A ' 

(10) 

(11) 

where 

J,.[iJ - J..Ul + J..Ul + J..Ul A - AT AL AB (12) 

is the total clearance rate of material component i from the 
alveolar compartment. 

The total mass of the particle-associated organics in com
partment X is the sum of m~l and m~l, and the total mass 
of DEPs in compartment X is equal to 

m - m(1l + m(Z) + m(3l 
X- X X X · (13) 

The lung burdens of diesel soot (core) and organics are de
fined, respectively, as 

m(1l - m(ll + m(1) (14) 
Lung - T A ' 

mFu~~) = m~l + m)fl + m~l + m~l . (15) 

Because the clearance of diesel soot from compartment T 
is much faster than from compartment A, m~l~ m~l a short 
time after exposure, and equation 14 leads to 

m(ll "'m(1) 
Lung- A · (16) 
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Solutions to equations 7 through 10 can be obtained once 
all the transport rates /..~yare known. When A~y are con
stant, which is the case with linear kinetics, equations 7 
through 10 will have solutions that increase with time at the 
beginning of exposure but eventually saturate and reach a 
steady-state value. This is the classic retention model devel
oped by the International Commission on Radiological Pro
tection (ICRP) (1979). However, experimental data have 
shown that when rats were exposed to DEPs at high concen
trations for a prolonged period, the diesel soot accumulated 
in various peribronchial and subpleural regions in the 
lungs and the long-term clearance was impaired (Chan et 
al. 1981, 1984; Griffis et al. 1983; Oberdorster et al. 1984; 
Heinrich et al. 1986; Wolff et al. 1987; Strom et al. 1988). No 
such change was observed regarding mucociliary clearance 
(Wolff et al. 1987). The reduction in the ability to clear parti
cles from the deep lung at high lung burdens was also ob
served for other insoluble particles (Ferin and Feldstein 
1978; Vincent et al. 1987; Muhle et al. 1988; Strom et al. 
1989), as shown in Figure 2. This is called the overload ef
fect. Although the real cause of this effect is presently un
known, Morrow (1988) postulated that it was due to a de
crease in alveolar macrophage mobility caused by an 
excessive number of particle-laden cells, as well as by the 
volumetric increase of cell size due to phagocytized parti
cles, rather than by the direct toxic effects of the particles. 
A functional relationship between the alveolar clearance 
rate and the lung burden has been derived mathematically 
on the basis of this hypothesis (Yu et al. 1989). 

The continuous buildup of DEPs in the lung at high lung 
burdens during a prolonged exposure cannot be predicted 
by the classic ICRP model. A revised model, designed spe-

0 

0 0 "' 
0.020 "' . "' "' "' 0 0 "' "' 0 a 

• v X 

"' 0.010 t> {) Vb.b, 'iJ)I,Q 
>- A £ : 'i1 i5 "' c,V "' :::. [> 

[> 

2<: 
0.005 v 

-<. • r:+ v 

• • • 
0.002 

<l 

"' "' <l 

[> 

[>. [> 

0.001 

• 
0.01 0.1 1.0 10 100 

(1) 
(mg) mA 

Figure 2. Comparison of A.~l as a function of mAin rats between DEPs and 
other insoluble particles based on the data from • Chan and coworkers 
(1981), + Chan and coworkers (1984), .6. Griffis and associates (1983), 

-f-Oberdorster and colleagues (1984), • Wolff and associates (1987), T Strom 
and colleagues (1988) for DEPs; and data from 0 Ferin and Feldstein (1978), 
!::, Vincent and coworkers (1987), X , [>, 'i7, <> Muhle and associates (1988), 
and <l Strom and colleagues (1989) for other insoluble particles. 
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cifically for DEP removal from the lung, was proposed by 
Soderholm (1982) and improved by Strom and associates 
(1988). This model subdivided the alveolar region into two 
compartments on the basis of the physiology of clearance. 
The first compartment was associated with mobile, phago
cytic macrophages and was called the macrophage com
partment, and the second was identified by slowly moving, 
clustered, particle-laden macrophages and, therefore, was 
called the sequestering compartment. Although both com
partments eliminate DEPs to the lymph nodes, the macro
phage compartment also eliminates DEPs via mucociliary 
transport in the tracheobronchial tree to the gastrointestinal 
tract and to the sequestering compartment. Through the 
laborious task of fitting the calculated results from their 
model with experimental data, Strom and coworkers (1988) 
were able to find a set of transport rates between various 
compartments that give the best data fit. However, the 
uniqueness of their solution cannot be guaranteed because 
of the larger number of transport rates involved. The in
creased number of transport rates also prevents a ready ex
trapolation of the model to humans. 

In the retention model proposed in Figure 1, the buildup 
of lung burdens and the introduction of overload effects 
were simulated mathematically using a single compartment 
for the alveolar region of the lung. The effect of sequestration 
was accounted for by a set of variable transport rates A.~~. 
A.~L and A.~l from this compartment such that A.~~. A.~i, and 
t..W are functions of rnA, which is the total mass of DEPs in 
compartment A. Without the hypothetical sequestering 
compartment in the model, the kinetic equations for trans
port of material (soot and organics) are considerably simpli
fied, and are more readily used for interspecies extrapola
tion. The transport rates A.~land A.~i in equations 7 through 
10 can be determined directly from experimental data on 
lung and lymph node burdens, and A.~~ and A.~k can be de
termined from equation 12. 

SOLUTIONS TO KINETIC EQUATIONS 

Equation 11 is a nonlinear differential equation of m~l 
with known function of A.~l. For diesel soot, this equation 
becomes 

dm(1ljdt - r{l) - A,(1l(m )m{l) A -A AAA· (17) 

Because clearance of the particle-associated organics is 
much faster than clearance of diesel soot, m~l and m~l 
constitute only a very small fraction of the total particle 
mass (less than one percent) after a long exposure, and we 
may consider A.~l as a function of m ~) alone. Equation 17 is 
then reduced to a differential equation with m~l as the 
only dependent variable. 

For a constant r~l, equation 17 has a few simple solutions 
at limiting cases. At the beginning of an exposure, A.~lm~l 
in equation 17 is much smaller than rfll and the solution of 
equation 17 takes the form of 

(18) 

where m~lo is the value of m{l) at t = 0. Equation 18 

represents a linear buildup of m~l with time. This solution 
prevails for a long period of time if the soot concentration 
is high, a result observed in many experiments conducted 
at high levels of exposure (for example, Wolff et al. 1986). 
After longer periods of exposure, however, A.~lm~l eventu
ally reaches the value of r~l and equation 17 has a steady 
state solution of 

m{l) - r~l 
A - A,{l) , 

Aoo 

(19) 

where A.~l"' is the value of A.~l as time approaches infinity. 
In this case, particle intake is balanced by removal due to 
clearance. The time required to reach the steady state in
creases with the exposure concentration. 

The general solution to equation 17 for constant r~l at any 
time, t, can be obtained by the separation of variables to give 

(20) 

If r~l is an arbitrary function of t, equation 17 must be 
solved numerically such as by a Runge-Kutta method (Press 
et al. 1989). Once m~l is found, the other kinetic equations 
7 through 10 for both diesel soot and the particle-associated 
organics can be solved readily, since they are linear equa
tions. The solutions to these equations for constant rfj), r~l, 
and r~l are given in Appendix A. 

The transport rates A.i{)y in the retention model formu
lated above need to be determined from experimental data. 
For instance, if the data for mi{.J in every compartment dur
ing an exposure are known, A.i{)y can be determined from 
this information using the retention model. Up to the pres
ent time, a complete set of data is not available for both 
diesel soot and the particle-associated organics from a sin
gle exposure experiment. In this study, the transport rates 
of diesel soot and organics for rats were derived separately 
from the best data available to date. Because these data did 
not provide information for all transport rates, several ap
proximations were used in the derivation. 

DERIVATION OF TRANSPORT RATES OF 
DIESEL SOOT IN RATS 

The transport rates of diesel soot in rats were derived 
using the lung burden and lymph node burden data from 
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a single experiment by Strom and colleagues (1988). Be
cause other investigators (Griffis et al. 1983; Chan et al. 
1984; Heinrich et al. 1986; Wolff et al. 1986) did not mea
sure burden outside of the lung, data from these studies are 
not sufficient to determine the transport rates of diesel soot 
from compartment A to the other compartments in the 
retention model. 

In the experiments of Strom and associates (1988), male 
Fischer-344 rats were exposed to diesel exhaust diluted to 
a nominal mass concentration of 6 mg/m3 for 20 hours/day 
and 7 days/week for anywhere from 3 to 84 days. Animals 
were killed for as long as a year after exposure in order to 
obtain lung and lymph node burdens that would elucidate 
the mass dependency of particle retention. The experimen
tal data showed that the lung burden accumulated in a 
nearly linear manner for the first 12 weeks of exposure, but 
approximated an exponential decline during the postex
posure period, as shown in Figure 3. The magnitude of de
cline, however, decreased with the initial postexposure 
lung burden. To make the clearance more apparent, lung 
burdens were normalized by their initial postexposure 
values and were plotted as the percentage of retained mass 
in the lungs versus postexposure time, as shown in Figure 
4. The lymph node burdens during postexposure were also 
measured and found to be strongly dependent on the initial 
postexposure lung burden (Figure 5). 

To derive the expressions for A~l and A~i as functions of 
m~l from these data, we assumed a clearance model during 
postexposure in which A~l and A~i, depended only on the 
value of m~l at the beginning of postexposure, m~k· The 
reason for this assumption is that the m~l did not decrease 
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Figure 3. Experimental and predicted lung burdens of rats exposed to DEPs 
at a concentration of 6.0 mg/m3 for 1, 3, 6, or 12 weeks. The solid line 
represents the predicted burdens during exposure and the dashed lines rep
resent those during postexposure. Particle characteristics and exposure pat
tern are explained in the text. The symbols represent the experimental data 
from Strom and colleagues (1988). 
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Figure 4. Experimental and predicted normalized lung burdens of rats ex
posed to DEPs at a concentration of 6.0 mg/m 3 for different exposure spans. 
The dashed lines are the predicted burdens during postexposure. The sym
bols represent the experimental data from Strom and colleagues (1988). 

significantly over the postexposure period for each of the 
four postexposure experiments, but the differences between 
the initial postexposure lung burdens were much larger. 
Under this assumption, equation 17 can be written as 

dm(1ljdt = -A (m(1l )ml1l 
A A Ap A ' (21) 

and the solution to equation 21 is 

m~l / m~k = exp[- AA (m~k)(t - tp)] , (22) 

where tp is the time at which the postexposure period 
starts and m~k is the alveolar burden of diesel soot at t 
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Figure 5. Experimental and predicted llmph node burdens of rats exposed 
to DEPs at a concentration of 6.0 mg/m for 1, 3, 6, or 12 weeks. The solid 
line represents the predicted burdens during exposure and the dashed lines 
represent those during postexposure. Particle characteristics and exposure 
pattern are explained in the text. The symbols represent the experimental 
data from Strom and colleagues (1988). 
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tp. Equation 22 was used to fit the individual data in Figure 
3 by means of a nonlinear regression procedure (Dixon 
1985}. This procedure minimized the function 4(Yi -

Yci) 2!yf where Yi is the lung burden and Yci is th~ calcu
lated lung burden. The best statistical fits of the data 
resulted in four different values of J...~l, each corresponding 
to a given value of m~b· shown in Table 1. 

The functional relationship between J...~l and m~b can be 
described by an exponential function of the form 

J...~l = a exp [- b(m~blc J + d day - 1 , (23} 

where m~b is expressed in milligrams, and the constants a, 
b, c, and d were found to be 0.012, 0.11, 1.76, and 0.00086, 
respectively, from the four sets of values of J...~l and m~b· 
During exposure, equation 23 is modified by replacing 
m~b with m~l, because J...~l depends on the instantaneous 
value of m~l. It follows that 

J...~l = 0.012 exp[ -0.11(m~l)1.76] 
+ 0.00086 day-1 . (24} 

Although derived at high levels of exposure, equation 24 
can be utilized under any exposure condition. For the spe
cial case of low levels of exposure, m~l should remain low 
and is limited to the steady-state value of 

r(1) 
m(1) _ A , (25} 

A - A,(1) 
AD 

where A. ~)0 = 0.0129 day - 1 is the value of J...~l obtained from 
equation 24 as m~l -+ 0. In this case, the overload condi
tion will never be reached. 

To derive an expression for A.~i as a function of m~l from 
the data for lymph node burden shown in Figure 5, we used 
the solution of equation 10 for diesel soot during postex
posure. This solution is 

m(1) - exp(- A,(1) t)[ rt :~,(1) m(1) exp(A.(1) t)dt + m(1) 
L - LB Jt AL A LB Lp 

p ( ) 
exp(A.fstp)] , (26} 

where mn is the lymph node burden of diesel soot at 
t = tp. 

Table 1. Values of J...~l Derived from the Diesel Soot 
Retention Experiment of Strom and Colleagues (1988} 

mVl 
Ap 

(mg) 

1.3 
4.8 

10 
22 

10.94 X 10- 3 

2.97 X 10- 3 

8.81 X 10- 4 

8.60 X 10- 4 

As in the derivation of J...~l, we again assumed that A.~i 
was only a function of m~b because m~l did not vary ap
preciably during postexposure. After substitution for m~l 
in equation 22, equation 26 becomes 

m(1) A.(1) 
m(1) m(1l exp[ A.(1) (t t )] - Ap AL 

L - Lp - LB - P - A, (1) _ A, (1) 
A LB 

[exp(- J...~l(t - tp)) - exp(- A.~hrt - tp))] . 
(27} 

There are no data currently available on the transport of 
diesel soot from various lung compartments to blood. Be
cause of the small particle size, it is conceivable that the 
soot particles may penetrate the alveolar wall and enter the 
blood stream. Assuming this, we have 

A.~k = A.~1 = constant. (28} 

In addition, the mechanical transport of diesel soot from 
compartment A to compartment T was assumed to stop 
completely at very high m~l, that is, 

lim A.~~ = 0 . 
m~l-+oo 

(29} 

Then, from equation 12, we obtain 

A. (1) = lim (A. (1) _ A. (1) _ A. (1) ) 
AB (1) A AT AL 

mA-+oo 

(30} 

With the use of equation 28, equation 27 becomes 

m(1) A,(1) 
(1) (1) (1) _ Ap AL 

mL - mLp exp(- J...AB(t - tp)] - - (1) (1) 
J...A - J...AB 

[exp(- J...~l(t - tp)) - exp(- A.~k(t - tp))] . 
(31} 

Again, as for J...~l, an exponential function was used to 
approximate the relationship between A. ~i and m~l, and we 
have 

(32) 

Therefore, A. ~k = d - 8. Equation 31 was used to compute 
a, ~. y, and 8 from the best fits offour sets of data points for 
lymph node burden at different mn, shown in Figure 5, 
following the same procedures used in determining J...~l. 
The values of a, ~, y, and 8 were found to be - 0.00068, 
0.046, 1.62, and 0.00068, respectively. Thus, 

A.~k = d - 8 = 0.00018 day - 1 , (33} 

and during exposure 

A.~i = -0.00068 exp [- 0.046(m~l)1.6Z J 
+ 0.00068 day- 1 . (34} 

Substituting equations 24, 33, and 34 into equation 12, we 
obtain 
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A~~ = A~l - A~i - A~k 

0.012 exp [- 0.11(m~l) 1 ·76 J + 0.00068 

exp[ -0.046 (m~l) 1 ·62] day- 1 . (35) 

The derived expressions for A~l, A~i, A~~. and A~k are 
plotted in Figure 6. It is apparent that the major component 
of A(1J is A(1l when m(1J is smaller than 4 mg and that A(1l A AT A • A 
is dominated by A~i when m~l is larger than 12 mg. 

An alternative approach to deriving the expressions for 
A~i and A~~ is to assume that A~k = 0 (perfectly insoluble) 
instead of using equation 29. Because A~k constitutes only 
a very small fraction of A~J, this approach would change 
the lung burden calculation only slightly (less than 1.5 per
cent). Thus, the current approach is adequate and also 
offers a more general description of the clearance process. 

To further illustrate the dependence of alveolar clearance 
rate A~J on particulate mass burden in the lungs, we plotted 
A~J;A~l0versus m~l per gram of lung in Figure 7, where, 
again, A~Jo is the value of A~J for the limiting case of 
m~l-+ 0. This permitted comparison between the alveolar 
clearance rate given by equation 24 and rates obtained from 
other studies of diesel soot retention (Griffis et al. 1983; 
Chan et al. 1984; Heinrich et al. 1986; Wolff et al. 1986) be
cause only the ratio A~lfA~Jo was measured in some ofthese 
studies. Figure 7 shows that all data are consistent in that 
A~J;A~l0 decreases with increasing m~l, but there are sub
stantial differences in magnitude among different studies. 

DERIVATION OF TRANSPORT RATES OF 
PARTICLE-ASSOCIATED ORGANICS IN RATS 

The clearance rates of particle-associated organics for rats 
were derived from the retention data of Sun and colleagues 

\l Griffis et al. 1983 
o Chan et al. 1984 
• Heinrich et al. 1986 
f\. Wolff et al. 1987 
o Strom et al. 1988 

Lung Burden per Gram of Lung (mg/g) 

Figure 6. Dependence of dimensionless clearance rate :1.~1 I :\.~1~ on m~l per 
gram of lung. The solid line represents the theoretical results from equation 
24. The symbols are the data points from various sources. The lung weight 
is assumed to be 1.5 g. 
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Figure 7. Variation of transport rates :1.~1 , !Jl, :1.~1]., and :~.!;1 with m~l. 

(1984) for BaP and the data of Bond and coworkers (1986) 
for NP adsorbed on diesel particles. The results of these 
measurements may be written in the following mathemati
cal form: 

_f_3 - exp(- A~lt) , 
f2 + h 

(36) 

where m~b and m~b are, respectively, the values of m)fl 
and m~l at the time at which the postexposure period 
starts, and 

A(2) - A(2) + A(2) + A(2) 
A - AT AB AL • 

and 

A~l = A~~ + A~k + A~i . 

At low lung burdens, we have 

and 

0 (2) - 0 (3) - 0 (1) - 0 (1) 
~~,AT-· ~~,AT- ~~,AT- ~~,ATO' 

A(2) - A(2) + A(2) + A(2) 
AO - ATO AB AL • 

A(3) - A(3) + A(3) + A(3) 
AO - ATO AB AL • 

(37) 

(38) 

(39) 

(40) 

(41) 

where A(1J - 0 0127 day - 1 is the value of A(1J at m(1J-+ 0 ATO - ' AT A 
calculated from equation 35. If we further assume that 

A(2J - 4A(2J 
AB - AL' (42) 

and 

A(3J - 4A(3J 
AB - AL' (43) 

which are the relationships suggested by the ICRP model 
(1979) for soluble particles, we obtain from equations 40 and 
41 
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A(2) - ~ (A(2) - A(2) ) 
AB -

5 
AD ATD • 

(44) 

and 

A.(3J - ~ (A.(3J - A.(3J ) 
AB -

5 
AD ATD · 

(45) 

. h h d . ' (2) '(3) (2) ' (3) Equatwns 37 t roug 45 etermme "AT• "AT• A AB• "AB• 

A.(2l and A.(3) for given measured values of A.(2) and A.(3l AL' AL AD AD· 
The transport rates of particle-associated organics in 

DEPs were determined in the manner described above. Be
cause the A~JD and A~JD of all the organics adsorbed on the 
particle have not been measured experimentally, the mean 
of the transport rates of the particle-associated BaP and NP 
measured by Sun and associates (1984) and Bond and col
leagues (1986) were used as the representative transport 
rates of the organics. This led to 

A.~JD = 0.0288 day- 1 , (46) 

and 

(47) 

The final results for particle-associated organics are 

"-~k = 4A.~i = 0.0129 day - 1 , (48) 

"-~k = 4A.~k = 12.55 day - 1 , (49) 

'(2) - '(3) - '(1) 
"AT - "AT - "AT 

0.012 exp[ -0.11(m~l) 1 ·76] + 0.00068 

exp[ -0.046(m~l)1.62 ] day- 1 , (50) 

A~) 0.0161 + 0.012 exP[ -0.11(m~l) 1 ·76] + 0.00068 

exp[ -0.046(m~l)1.62] day- 1 , (51) 

and 

A,~l = 15.7 + 0.012 exP[ -0.11(m~l) 1 ·76] + 0.00068 

exp[ -0.046(m~l)1.62] ~ 15.7 day- 1 . (52) 

Other approximations for the transport rates of particle
associated organics are 

and 

' (2) - '(2) - ' (2) - '(2) 
"HB - " TB - "LB - "AB ' 

' (3) - ' (3) - ' (3) - ' (3) 
"HB - " TB - "LB - "AB · 

(53) 

(54) 

The remaining transport rates in our model were not crit
ical to the model development and were estimated from the 
data of Chan and colleagues (1981) and the ICRP model 
(1979). These are 

"-We = 1.73 day -l, = 1,2,3 (55) 

and 

A.(j}e = 0.693 day- 1 , i = 1,2,3 . (56) 

Appendix B lists all the transport rates of diesel soot and 
particle-associated organics derived for rats. It should be 
emphasized that except for the values of A~JD' A.~lD' "-We• 
and A~t· which are given by equations 46, 47, 55, and 56, 
respectively, all other A~y were derived using experimental 
data. The derivations were based on reasonable assump
tions that, in any case, do not contribute significantly in 
magnitude to the value of A~l. For simulating the existing 
experiments and predicting the results of lung burden un
der new conditions, the retention model presented above 
will prove to be valuable. The structure of the retention 
model is designed to permit ready modifications that can 
accommodate newer, more detailed, compartmental data 
and analyze additional transport rates. 

METHOD OF EXTRAPOLATION TO HUMANS 

Experimental data on the deposition and clearance of 
DEPs in humans are not available. In order to estimate the 
lung burden of DEPs for human exposure, we must extrapo
late the retention model from rats to humans. The extrapola
tion method consists of two steps. The first step is to deter
mine the deposition rates r~ for humans. This work was 
previously reported (Yu and Xu 1987b). In the second step, 
we derived a set of transport rates (A~y) for humans. Al
though it is known that many physiological time constants, 
such as respiratory frequency and metabolic rate, are body
size dependent, the transport rates of particle-associated or
ganics are believed to be insensitive to body size. The lung 
clearance rate of inhaled lipophilic compounds was shown 
to be dependent only on their lipid/water partition coeffi
cients and to be independent of species (Schanker et al. 
1986). In contrast, the transport rates of diesel soot were 
species dependent. Differences in the alveolar clearance 
rates of insoluble particles at low lung burdens among spe
cies were observed in numerous previous studies (for exam
ple, Snipes et al. 1983; Bailey et al. 1985a,b; Snipes and 
McClellan 1985). Respective retention half-times ranged 
from about 50 to 100 days in rats, mice, and hamsters to sev
eral hundred days in dogs, guinea pigs, and humans. The 
reason for such a large interspecies difference is not yet un
derstood. The number of respiratory bronchioles, particle 
deposition pattern, clearance pathway length, and alveolar 
macrophage number and mobility may all contribute to 
such a difference. Assuming that diesel soot is cleared from 
the human lung as other insoluble particles are, we ob
tained a value of "-~h = 0.00169 day -l for humans using 
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the data from Bailey and associates (1982). This is about 7.6 
times less than the value of A~b observed for rats. 

There are, as yet, no data available on the change in alveo
lar clearance due to excessive lung burdens in humans. Al
though human exposure to environmental diesel exhaust is 
not likely to result in lung overload, it is desirable to derive 
relationships between the transport rates and lung burdens 
in order to determine the exposure conditions under which 
overload might occur. From equation 24, it is seen that A~l 
for rats consists of two terms, macrophage-mediated me
chanical clearance and clearance by dissolution. The first 
term depends on the lung burden m~l, whereas the second 
term does not. To extrapolate this relationship to humans, 
we assumed that the mechanical clearance term for humans 
varied with the specific particulate dose to the alveolar sur
face in the same proportion as in rats, while the dissolution 
clearance term was species independent. This assumption 
resulted in the following expression for A~l in humans: 

A~l = !!._ exp[ -b(m~lfs)c] + d (57) 
p 

where P is a constant derived from the human-rat ratio of 
the alveolar clearance rate at low lung burdens, and Sis the 
ratio of the pulmonary surface area between humans and 
rats. Equation 57 implies that rats and humans have equiva
lent degrees of biological response in the lung to the same 
specific surface dose of inhaled DEPs. 

In equation 57, S could have been taken to be the ratio of 
macrophage numbers in the respective species' lung fields 
for extrapolation. However, the number of macrophages is 
highly variable and no data reliably quantify such numbers. 
The value of P was obtained by letting A~l -+ A~b = 0.00169 
day~ 1 as m~l -+ 0 in equation 57. This led to P = 14.4. 
Also, we found S = 148 using data from the anatomical 
lung model ofYeh and Schum (1980) for rats and the Weibel 
(1963) model for human adults. For humans 25 years of age 
or younger, we assumed the same valuE for P, but S was 
obtained from the lung model for young humans (Yu and 
Xu 1987b). The values of S for different ages are shown in 
Table 2. 

The expressions for other transport rates that have a lung 
burden-dependent term were extrapolated from rats to hu
mans in a similar manner, and the constant terms remained 
unchanged. Appendix C shows all the transport rates de
rived for the human model used in the retention study. 

RESULTS 

SIMULATION OF RAT EXPERIMENTS 

To test the accuracy of our model, the transport rates 
listed in Appendix B were used in equations 7 through 10 
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Table 2, Ratio of Pulmonary Surface Areas Between 
Humans and Rats (S) for Different Ages of Humans 

Age 
(years) s 

0 4.99 
1 17.3 
2 27.6 
3 36.7 
4 44.7 
5 51.9 

6 58.5 
7 64.6 
8 70.4 
9 76.0 

10 81.4 

11 86.6 
12 91.6 
13 96.4 
14 101 
15 106 

16 110 
17 115 
18 119 
19 123 
20 128 

21 132 
22 136 
23 140 
24 144 
25 148 

to calculate the retention of diesel soot in the rat lung, and 
these values were compared with the data on lung burden 
and lymph node burden obtained by Strom and colleagues 
(1988). The particle deposition rates rH, rr, and rA were 
computed from the deposition model for rats (Yu and Xu 
1987b). A particle size of 0.19 f..!m MMAD and a geometric 
standard deviation, ag, of 2.3 (as used in Strom's experi
ment) were used in the calculation. The respiratory param
eters for rats were based on their weight and were calculated 
using the following correlations of minute volume, respira
tory frequency, and growth curve data. 

Minute Volume = 0.9W (cm3/min) (58) 

Respiratory Frequency = 475W~ 0·3 (L/min) (59) 

in which W is the body weight (in grams) as determined 
from the equation 

W = 5 + 537T/(100 + T), for T ~ 56 days, 

where T is the age of the rat measured in days. 

(60) 
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Equation 58 was obtained from Mauderly's data (1986) for 
rats ranging in age from three months to two years, equation 
60 was obtained from the data of Strom and colleagues 
(1988), and equation 59 was determined from the best fit of 
the experimental deposition data. Figures 3, 4, and 5 show 
the calculated lung burden of diesel soot (m~l + m~l), the 
normalized lung burden, and the lymph node burden, 
respectively, for the experiment by Strom and associates 
(1988) using animals exposed to DEPs at 6 mg/m3 for 1, 3, 
6, and 12 weeks; exposure in all cases was 7 days/week and 
20 hours/day. The solid lines represent the calculated ac
cumulation of particles during the continuous exposure 
phase and the dashed lines indicate calculated postex
posure retention. The agreement between the calculated 
and the experimental data for both lung and lymph node 
burdens during and after the exposure periods was very 
good. 

Comparison of the model calculation and the retention 
data of particle-associated BaP in rats obtained by Sun and 
colleagues (1984) is shown in Figure 8. The calculated 
retention is shown by the solid line. The experiment of Sun 
and associates consisted of a 30-minute exposure to diesel 
particles coated with 3H-benzo[a]pyrene (3H-BaP) at a con
centration of 4 to 6 J-Lglm3 of air, followed by a postexposure 
period of more than 25 days. The fast and slow phases of 
3H-BaP clearance half-times were found to be 0.03 day and 
18 days, respectively. These correspond to A.t;(0 = 0.0385 
day - 1 and A, ~)0 = 23.1 day - 1 in our model. Figure 8 shows 
that the calculated retention is in excellent agreement with 
the experimental data obtained by Sun and coworkers 
(1984). 

The good agreement between the calculated results and 
the experimental data for both diesel soot and particle
associated BaP is not surprising because these data were 
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Figure 8. Comparison between tbe calculated lung retention (solid line) 
and tbe experimental data (data points witb error bars) obtained by Sun and 
coworkers (1984) for the particle-associated BaP in rats. 

used in the derivation of the transport rates in the retention 
model. The comparisons provide, nonetheless, a check of 
the accuracy of the deposition model and ensure that all ap
proximations used in the derivation were reasonable. The 
ultimate success of the model will depend on future ex
perimental validation. 

COMPARISON BETWEEN RATS AND HUMANS 

To gain an understanding of the differences in the lung 
and lymph node burdens between rats and humans under 
the same exposure conditions, we calculated these quanti
ties in humans of different ages exposed via nose breathing 
for a 12-week period of exposure to DEPs, followed by a post
exposure period under the same particle conditions and ex
posure pattern described in Figures 3 through 5. The trans
port rates used in the calculation for humans were those 
listed in Appendix C and the deposition rates rH, rr, and 
rA were computed from the deposition model (Yu and Xu 
1987b). 

Figures 9 and 10 show, respectively, the lung burden and 
lymph node burden results. The dashed lines are the corre
sponding calculated burdens in rats that we plotted in 
Figures 3 and 5. The lung burdens and lymph node burdens 
of both diesel soot and the associated organics were much 
larger in humans than in rats. This is attributed to the large 
minute volume of DEPs inhaled by humans. Figures 9 and 
10 also show that human adults have the highest burdens, 
and that a decrease in the various burdens occurs with 
decreasing age because of the decrease in minute venti
lation. 

PREDICTED BURDENS IN HUMANS 

Extensive calculations were performed to predict the 
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Figure 9. Calculated lung burdens in humans of different ages exposed via 
nose breathing to DEPs at 6 mg/m3 for 12 weeks at 20 hours/day and 7 
days/week. Dashed lines are the corresponding burdens in rats. 
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Figure 10. Calculated lymph node burdens in humans of different ages ex
posed via nose breathing to DEPs at 6 mg/m3 for 12 weeks at 20 hours/day 
and 7 days/week. Dashed lines are the corresponding burdens in rats. 

lung burdens of diesel soot and the associated organics un
der different exposure conditions. The calculations were 
based on nose breathing for humans of different ages at the 
normal tidal volume and breathing rate described previ
ously (Yu and Xu 1987b). The particle conditions used in 
the calculation were, again, 0.2 ~m MMAD with ag = 2.3, 
and the mass fractions of the strongly and weakly bound or
ganics were each 10 percent (f2 = f3 = 0.1). 

Burdens in Various Anatomical Compartments 

To gain an overall understanding of the intercompart
mental transport of diesel soot and the associated organics, 
we calculated the burdens of these materials in each ana
tomical compartment for human adults, as shown in 
Figures 11 through 14. The exposure conditions for the cal-
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Figure 11. Calculated head burdens in human adults exposed to DEPs at 0.1 
mg/m3 for up to 10 years at 24 hours/day and 7 days/week. 
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Figure 12. Calculated tracheobronchial burdens in human adults exposed 
to DEPs at 0.1 mg/m3 for up to 10 years at 24 hours/day and 7 days/week. 
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Figure 13. Calculated alveolar burdens in human adults exposed to DEPs 
at 0.1 mg/m3 for up to 10 years at 24 hours/day and 7 days/week. 
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Figure 14. Calculated lymph node burdens in human adults exposed to 
DEPs at 0.1 mg/m3 for up to 10 years at 24 hours/day and 7 days/week. 
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culations were 24 hours/day and 7 days/week at a soot con
centration of 0.1 mg/m3 . The organic burdens in the head, 
tracheobronchial, alveolar, and lymph node compartments 
all reached their respective steady-state values during ex
posure. The time required to reach the steady state varied 
from a few days for the head and tracheobronchial compart
ments, to a few months for the alveolar and about one year 
for the lymph node compartment. The mass accumulation 
of organics in the head and tracheobronchial compartments 
at the steady state is less than one percent of that in the alve
olar compartment. Clearly, the alveolar compartment is 
most important for magnitude and for long-term clearance. 

For diesel soot, the accumulations in the head, tracheo
bronchial, and alveolar compartments also showed satura
tion with time, but the time to reach saturation in the tra
cheobronchial and alveolar compartments was much 
longer because of the slower particle clearance in the alveo
lar compartment. Again, the soot burdens in the head and 
tracheobronchial compartments at the steady state were 
smaller than one percent of the alveolar burden. In the 
lymph node compartment, the soot burden increased with 
time during the first 10-year period of exposure, as shown 
in Figure 14, because of the extremely small clearance rate 
from this compartment. Eventually, however, this burden 
would approach a steady state after 50 to 60 years of con
tinuous exposure. 

Effects of Exposure Pattern on Lung Burden 

Lung burdens of diesel soot and the associated organics 
were calculated for different exposure patterns at two soot 
concentrations, 0.1 mg/m3 and 1 mg/m3 , for human adults. 
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Figure 15. Calculated lung burdens of diesel soot per unit exposure con
centration in human adults exposed continuously to DEPs at two different 
concentrations, 0.1 mg/m3 and 1.0 mg/m3 . Exposure patterns are (a) 24 
hours/day and 7 days/week, (b) 12 hours/day and 7 days/week, and (c) 8 
hours/day and 5 days/week. 

The results of the lung burden per unit concentration are 
shown in Figures 15 and 16. The exposure patterns used in 
the calculation were (A) 24 hours/day and 7 days/week, (B) 
12 hours/day and 7 days/week, and (C) 8 hours/day and 5 
days/week, simulating environmental and occupational ex
posure conditions. The results show that the lung burdens 
of both diesel soot and the associated organics reached a 
steady-state value during exposure. Due to differences in 
the amount of particle intake, the steady-state lung burdens 
per unit concentration were the highest for exposure pat
tern A and the lowest for exposure pattern C. Also, increas
ing soot concentration from 0.1 to 1 mg/m3 increased the 
lung burden per unit concentration. However, the increase 
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Figure 16. Calculated lung burdens of tbe particle-associated organics per 
unit exposure concentration in human adults exposed continuously to DEPs 
at two different concentrations, 0.1 mg/m3 and 1.0 mg/m3. Exposure patterns 
are (a) 24 hours/day and 7 days/week, (b) 12 hours/day and 7 days/week, and 
(c) 8 hours/day and 5 days/week. 

was not noticeable for exposure pattern C. The dependence 
of lung burden on the soot concentration is caused by the 
reduction of the alveolar clearance rate at high lung bur
dens discussed above. 

Effect of Age on Lung Burden 

To illustrate the effect of age on lung burden, we calcu
lated the lung burden of diesel soot and the associated or
ganics per unit concentration per unit lung weight. The 
lung weight data at different ages were those reported by 
Snyder and colleagues (1975). The exposure pattern used in 
the calculation was 24 hours/day and 7 days/week for a 
period of one year at the two soot concentrations, 0.1 mg/ 
m3 and 1 mg/m3 . Figures 17 and 18 depict the results. On 
a unit lung weight basis, the lung burdens of both soot and 
the organics were functions of age, and the maximum lung 
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burdens occurred at approximately five years of age. Again, 
for any given age, the lung burden per unit concentration 
was slightly higher at 1 mg/m3 than at 0.1 mg/m3. 

Effect of Soot Concentration on Lung Clearance 

The increase in lung burden per unit concentration due 
to the reduction in the lung clearance rate at high soot con
centrations in humans (shown in Figures 15 through 18) is 
further illustrated in Figures 19 and 20, where the normal
ized alveolar clearance rate, A.~l/A,~l0 , is plotted versus soot 
concentration. Figure 19 depicts this result for human 
adults at the end of a continuous exposure of 1, 5, and 10 

years for two exposure patterns: (1) 24 hours/day and 7 

days/week and (2) 8 hours/day and 5 days/week. The de
crease of A,~l/A,~lo with concentration varied with exposure 
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Figure 17. Calculated lung burdens of diesel soot per gram of lung per unit 
exposure concentration in humans of different ages exposed continuously 
for one year to DEPs of two different concentrations, 0.1 mg/m3 and 1.0 
mg/m3

, for 24 hours/day and 7 days/week. 
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Figure 18. Calculated lung burdens of the particle-associated organics per 
gram of lung per unit exposure concentration in humans of different ages 
exposed continuously for one year to DEPs of two different concentrations, 
0.1 mg/m3 and 1.0 mg/m3

, for 24 hours/day and 7 days/week. 
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pattern and total time of exposure. Because of a higher parti
cle intake into the lung, a continuous exposure pattern of 
24 hours/day and 7 days/week resulted in a faster decline of 
the clearance rate with increasing concentration than the 
occupational exposure pattern of 8 hours/day and 5 

days/week. A longer exposure period also led to a greater 
reduction in the clearance rate. Figure 19 also shows that 
when the soot concentration was below 0.05 mg/m3, the 
clearance inhuman adults was not affected regardless of the 
length of exposure. 

Figure 20 shows the dependence of A,~l/A,~lo on concen
tration for humans of different ages at continuous exposure 
for one year. The reduction in clearance was more pro
nounced at young ages. However, below a concentration of 
0.05 mg/m3, reduction did not occur at any ages. 
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Figure 19. Normalized clearance rate of diesel soot, A.~J~~S~. versus soot 
concentration in human adults at the end of a continuous exposure of 1, 5, 
and 10 years. Solid lines represent an exposure pattern of 24 hours/day and 
7 days/week and dashed lines represent 8 hours/day and 5 days/week. 
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Figure 20. Normalized clearance rate of diesel soot, A.~J /A.~1~, versus soot 
concentration in humans of different ages at the end of a one-year continu
ous exposure of 24 hours/day and 7 days/week. 
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Lung Burdens for Exposure over a Life Span 

The lung burdens of diesel soot and the associated or
ganics were also calculated for exposure over a life span, 
from birth to adulthood, for a continuous exposure pattern 
at concentration levels of 0.1 mg/m3 and 1 mg/m3. Lung 
burdens per unit concentration are depicted in Figures 21 
and 22. The accumulation of both diesel soot and the as
sociated organics in the lung increased with age from birth 
to about 23 years of age, and decreased slightly to a steady
state value beyond this age. At a soot concentration of 1 
mg/m3, the maximum lung burden of diesel soot was found 
to be about 800 mg and the associated organics approxi
mately 6 mg. 
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Figure 21. Calculated lung burdens of diesel soot per unit exposure con
centration in humans at two different concentrations, 0.1 mg/m3 and 1.0 
mg/m3 , for exposure to DEPs over a life span, from birth to adulthood, at 12 
hours/day and 7 days/week. 
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Figure 22. Calculated lung burdens of the particle-associated organics per 
unit exposure concentration in humans at two concentration levels, 0.1 
mg/m3 and 1.0 mg/m3 , for exposure to DEPs over a life span, from birth to 
adulthood, at 12 hours/day and 7 days/week. 

PARAMETRIC STUDY OF RETENTION MODEL 

The retention model of DEPs in humans, presented above, 
consists of a large number of parameters that character~ze 
the size and composition of diesel particles, the structure 
and dimension of the respiratory tract, the ventilation con
ditions of the subject, and the clearance half-times of diesel 
soot and the particle-associated organics. Any single or 
combined changes of these parameters from their normal 
values in the model would result in a change in the 
predicted lung burden. We conducted a parametric study of 
the retention model to investigate the effects of each in
dividual parameter on calculated lung burden in human 
adults. The exposure pattern chosen for this study was 24 
hours/day and 7 days/week for a period of 10 years at a con
stant soot concentration of 0.1 mg/m3. The effects of each 
individual parameter on the accumulation of diesel soot 
and the associated organics in the lung at the end of ex
posure are summarized below. 

Effect of Particle Characteristics 

The parameters that govern the size distribution of DEPs 
are MMAD and Og· Figures 23 and 24 show, respectively, 
the effects of these parameters on lung burden for varying 
MMAD (0.1 to 0.3 J.lm) and og (1.2 to 4.6). Increasing 
MMAD led to a reduction in the lung burden of both diesel 
soot and the associated organics, while increasing Og pro
duced the opposite effect. The changes in lung burden in 
both cases were caused by changes in the particle intake rate 
into the lung during exposure. 

Other particle parameters that affect lung burden are the 
mass fraction of the particle-associated organics, f 2 + f 3, 
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Figure 23. Calculated lung burdens in human adults versus MMAD for ex
posure to DEPs at 0.1 mg/m3 for 10 years at 24 hours/day and 7 days/week. 
Parameters used in the calculation are ag ~ 2.3, fz ~ 0.1, j 3 ~ 0.1; tidal 
volume ~ 500 cm3 , respiratory frequency ~ 14 min-"; and Weibel's lung 
model, and lung volume ~ 3,200 cm3 . 
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and the mass ratio of fast-cleared organics to the total or
ganics, f 3/(f 2 + f 3). The lung burden results that illus
trated the effects of these parameters are shown, respec
tively, in Figures 25 and 26. Figure 25 shows that when the 
organics mass fraction, j 2 + j 3 , increased, the lung bur
den of diesel soot decreased and that of the organics in
creased. Figure 26 shows that for a constant organic mass 
fraction j 2 + j 3 = 0.2 with variable / 2 and j3, the lung 
burden of diesel soot remained constant and the organics 
burden decreased as the ratio of j 3/(f 2 + j 3 ) increased. 

Effect of Ventilation Conditions 

The changes in lung burden due to variations in tidal vol
ume and respiratory frequency are depicted in Figures 27 
and 28. Increasing any one of these ventilation parameters 
increased the lung burden, but the increase was much 
smaller with respect to respiratory frequency than to tidal 
volume. This small increase in lung burden was a result of 
the decrease in deposition efficiency as respiratory fre
quency increased, despite a higher total amount of DEPs in
haled. 

The mode of breathing has only a minor effect on lung 
burden; switching from nose breathing to mouth breathing 
does not produce any appreciable change in the amount of 
particle intake into the lung (Yu and Xu 1987b). All lung bur
den results presented in this study are for nose breathing. 

Effect of Lung Volume and Lung Structure 

For a given lung structure, the lung burden of DEPs was 
affected by lung volume in two special ways: (1) the deposi-
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tion efficiency or particle intake into the lung decreased 
with lung volume, and (2) the overloading effect of clear
ance was reduced as the lung volume increased. Although 
the second effect was not appreciable at a soot concentra
tion of 0.1 mg/m3 , both effects led to a smaller lung burden 
at large lung volume, as shown in Figure 29. 

At a given lung volume, the use of different lung models 
also led to different lung burden predictions. The lung bur
den results of diesel soot and the associated organics as a 
function of the exposure time are shown, respectively, in 
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Figure 27. Calculated lung burdens in human adults versus tidal volume 
in liters for exposure to DEPs at 0.1 mg/m3 for 10 years at 24 hours/day and 
7 days/week. Parameters used in the calculation are MMAD ~ 0. 2 ~m. 
o

8 
~ 2.3, f 2 ~ 0.1, f 3 ~ 0.1; respiratory frequency ~ 14 min-'; and Weibel's 

lung model, and lung volume ~ 3,200 cm3
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Figures 30 and 31, for four different lung models of human 
adults developed by Weibel (1963), Olson and colleagues 
(1970), Hansen and Ampaya (1975), and Yeh and Schum 
(1980). The lung model of Weibel is equivalent to the age
dependent lung model evaluated at 25 years of age used ear
lier in this study. Major differences between the other three 
lung models and Weibel's model were discussed previously 
(Yu and Xu 1987b). 

Figures 30 and 31 show that the lung burdens (of soot and 
the associated organics) calculated from the lung model of 
Hansen and Ampaya were the highest among all lung 
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Figure 28. Calculated lung burdens in human adults versus respiratory 
frequency in breaths min-1 for exposure to DEPs at 0.1 mg/m3 for 10 years 
at 24 hours/day and 7 days/week. Parameters used in the calculation are 
MMAD ~ 0.2 ~m. o

8 
~ 2.3, f 2 ~ 0.1, f 3 ~ 0.1; tidal volume ~ 500 cm3

; 

and Weibel's lung model, and lung volume ~ 3,200 cm3 . 
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Figure 29. Calculated lung burdens in human adults versus lung volume 
in liters for exposure to DEPs at 0.1 mg/m3 for 10 years at 24 hours/day and 
7 days/week. Parameters used in the calculation are MMAD ~ 0.19 ~m. 
o

8 
~ 2.3, f Z, ~ 0.1, f 3 ~ 0.1; tidal volume ~ 500 cm3 , respiratory frequency 

~ 14 min- ; and Weibel's lung model. 

models, the burdens from the model of Olson and associ
ates were the lowest, and the results from the other two 
models were intermediate. These differences can be attrib
uted to the different deposition efficiencies ofDEPs in these 
lung models. 

Effect of Transport Rates 

Transport rates have an obvious effect on the retention of 
DEPs in the lung after deposition. Because we were mainly 
concerned with the long-term clearance of diesel soot and 
the associated organics, only the effects of two transport 
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Figure 30. Calculated lung burdens of diesel soot in human adults for four 
different lung models for exposure to DEPs at 0.1 mg/m3 for up to 10 years 
at 24 hours/day and 7 days/week. Parameters used in the calculation are 
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Figure 31. Calculated lung burdens of particle-associated organics in hu
man adults for four different lung models for exposure to DEPs at 0.1 mg/m3 

for 10 years at 24 hours/day and 7 days/week. Parameters used in the calcula
tion are MMAD ~ 0.2 ~m. ag ~ 2.3, f 2 ~ 0.1, f 3 ~ 0.1; tidal volume ~ 
500 cm3, respiratory frequency ~ 14 min_,; and lung volume ~ 3,200 cm3. 

rates, A.~land A.~l. were studied. The variation in the value 
of A.~) from different studies was shown earlier, in Figure 7. 

This difference is equivalent to about a factor of 2 at low 
lung burden but can be as high as 3 to 4 at high burden. Be
cause the lung burden for human exposure is normally low, 
we used a multiple of 0.5 to 2 for the uncertainty in A.~l to 
examine how such variation affected the lung burden. We 
also used the same multiple for the variation of A.~). 
Figures 32 and 33 show, respectively, the lung burden 
results for diesel soot and the associated organics versus the 
multiples of A.~) and A.~) used in the calculation. As ex-
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Figure 32. Calculated lung burdens in human adults versus a multiple 
of A~l for exposure to DEPs at 0.1 mg/m3 for 10 years at 24 hours/day and 7 
days/week. Parameters used in the calculation are MMAD ~ 0. 2 ~m. ag ~ 
2.3, fz ~ 0.1, f 3 ~ 0.1; tidal volume ~ 500 cm3, respiratory frequency ~ 
14 min-'; and Weibel's lung model, and lung volume ~ 3,200 cm3. 
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Figure 33. Calculated lung burdens in human adults versus a multiple 
of A~l for exposure to DEPs at 0.1 mg/m3 for 10 years at 24 hours/day and 7 
days/week. Parameters used in the calculation are MMAD ~ 0.2 ~m. ag ~ 
2.3, f 2 ~ 0.1, f 3 ~ 0.1; tidal volume ~ 500 cm3, respiratory frequency ~ 
14 min- 1

; and Weibel's lung model, and lung volume ~ 3,200 cm3. 

pected, increasing the multiple of A. ~lo reduced the lung 
burden of diesel soot with practically no change in the or
ganics burden (Figure 32), whereas just the opposite oc
curred when the multiple of A.~l was increased (Figure 33). 

DISCUSSION AND CONCLUSIONS 

The retention model of DEPs presented above offers an in
depth picture of material transport between various ana
tomical compartments and the removal of diesel soot and 
associated organics from the lung. The most difficult and 
crucial task in developing such a retention model was the 
determination of the intercompartmental transport rates for 
each material component. Usually, it is the knowledge of 
the transport rates that dictates the structure and sophistica
tion of a model. 

The multicompartmental retention model that we pro
pose in this study can be utilized for both fast and slow 
clearance of diesel soot and associated organics from the 
lung. The value of this model lies in its completeness and 
versatility. It helps elucidate the system dynamics and pro
vides a useful tool for simulation and prediction. However, 
because our major concern with DEPs was with their long
term accumulation in the lung, most quantitative results 
presented in this study centered on this special case. In the 
development of the retention model, we made a major effort 
to derive the transport rates associated with the alveolar 
compartment using the limited experimental data available 
for rats. In our model, these alveolar transport rates, as well 
as the transport rates associated with the other compart
ments, can be modified easily should additional animal or 
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human data become available. Furthermore, the particle
associated organics defined in this study represent a 
general term that consists of a mixture of organic com
pounds with uncertain proportions, including BaP and NP. 
It is conceivable that different organic compounds have 
different transport rates. In our model, however, we used the 
mean of the transport rates of particle-associated BaP and 
NP as representative transport rates because only these rates 
are known at this time. Our retention model can readily be 
extended to consider the lung clearance of each specific or
ganic component if its transport rate is known. 

The reduction of diesel soot at high lung burdens by me
chanical clearance was extrapolated from rats to humans in 
the model by assuming that the magnitude of response to 
particle loading is the same for any species at a given spe
cific dose. This assumption was necessary because no data 
presently exist on the relationship between mechanical 
transport rates and lung burden in humans. We also as
sumed that there were no species differences in the trans
port rates of the particle-associated organics, again because 
of the lack of human data. Future measurements are called 
for to clarify all these points. 

The calculated lung burdens are consistent with previous 
experimental observations and demonstrate the following: 
1. When diesel particles are deposited in the lung, the car

bonaceous soot and the particle-associated organics are 
cleared from the lung in different proportions and to 
different degrees. 

2. The particle-associated organics of DEPs can be divided 
into two components according to their clearance half
time. The component with a short clearance half-time of 
a few hours corresponds to the organics leached out pri
marily by diffusion-driven mechanisms, whereas the 
other component has a clearance half-time of a few hun
dred hours and includes all those organics that are 
characterized by more complex interactions with other 
components of the DEPs, the clearance system, or the 
deposition surface itself. 

3. Diesel particles deposited in the head and tracheobron
chial airways are quickly removed, principally by the 
combined mechanisms of mucociliary transport and 
dissolution. The fast-cleared organics are cleared by dis
solution in a matter of hours, while slowly cleared or
ganics are cleared by mucociliary transport in a matter 
of days. 

4. In the alveolar region of the lung, the removal of the 
particle-associated organics is controlled by dissolu
tion, whereas macrophage phagocytosis and migration 
are responsible for the removal of diesel soot. 

5. Because of their fast clearance rates in the tracheobron
chial compartment, the accumulation of both diesel soot 

and the associated organics in this region of the lung 
constitutes less than one percent of the total lung burden 
after a long exposure. 

6. Exposure to diesel exhaust has no effect on mucociliary 
clearance; however, the alveolar clearance rate of diesel 
soot is reduced as a result of high particle burden in the 
lung. For rats, the alveolar clearance rate of diesel soot 
is reduced by about 10 percent at a lung burden of 1 mg/g 
of wet lung and by approximately 95 percent when the 
lung burden exceeds 8 mg/g. At this point, macrophage
mediated clearance is practically nonexistent. 

7. The clearance of diesel soot from the alveolar region of 
the lung is due to its transport to the tracheobronchial, 
lymph node, and blood compartments. At low lung bur
den, transport to the tracheobronchial region is domi
nant, whereas at high burden, transport is principally 
through the lymphatic system. 

Several new conclusions may also be drawn from this 
model study: 

1. When humans and rats are exposed to DEPs for the same 
period of time, the lung burdens of diesel soot and the 
associated organics are much larger in humans than in 
rats. This is due to the higher particle intake and slower 
clearance rate in humans. 

2. During a continuous exposure, the lung burdens of 
diesel soot and the associated organics will eventually 
reach a steady state, even at high concentrations. The 
steady-state burden per unit concentration generally in
creases with the concentration, but the increase for 
diesel soot is much larger than for the organics. At low 
concentrations, these increases are negligible. 

3. When children and adult humans are exposed to equal 
concentrations of DEPs, the reduction in alveolar clear
ance of diesel soot due to high lung burden is greater in 
children than in adults. For a continuous exposure of up 
to 10 years, the alveolar clearance rate in adults is not af
fected if the exposure soot concentration remains below 
0.05 mg/m 3. This threshold concentration decreases 
slightly with age. 

4. The accumulation of both diesel soot and the associated 
organics in the human lung varies with age due to the 
differences in particle intake and clearance rates. Per 
unit lung weight, the accumulations for a one-year con
tinuous exposure reach a maximum at about five years 
of age. 

Finally, it must be realized that the lung burden of DEPs 
calculated from the retention model depends on a large 
number of parameters that include particle size and compo
sition, individual lung structure and breathing condition, 
and exposure pattern and concentration. It is important that 
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these parameters are known accurately before reliable lung 
burden estimates can be made from the retention model de
veloped in this study. 
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APPENDIX A. Kinetic Equations for Diesel Soot and 

Particle-Associated Organics and Their Solutions 

The differential equations for mfl and their solutions as 
a function of exposure time, t, can be written as (fori = 1, 
2, and 3): 

Head (H) 

dmHUljdt - r(i) - ~Yl m(il - j_(il m(il - H HG H HB H 

= rYJ - Afj)mYJ (A.1) 

where 

AYJ = AYJc + AYJs (A.2) 

mYJ = rfj)!AYJ + (mfj)0 - rfj)!Afj)) exp(- Afj)t) (A.3) 

Tracheobronchial (T) 

dm~l j dt = r~l + A~~m~l - A(j}cm~l - A~km~l 

- r(il - A(ilm(il + A(i) mUl (A.4) - T T T AT A 

where 

AUl - AUl + AUl T - TG TB (A.5) 

m~l = exp(- A~lt) 1: (r~l + A~~m~l) exp(A~)t)dt + m~6 
(A.6) 

Alveolar (A) 

dmAUljdt - r(i) - A(i) m(il - A{i) m(i) - A{i) m(i) 
- A AT A AL A AB A 

- r{il - "(i)m(i) 
- A "'A A (A.7) 

where 

(A.8) 

(A.9) 
Lymph nodes (L) 

dmfljdt = A~im~l - Af1mfl (A.10) 

mUl exp(- AUl t) ft A(il mUl exp(A(il t)dt + mUl 
L LB J AL A LB LO 

0 (A.1~ 

where m)p is the mass of component i in X compartment 
and r)p is the mass intake rate of component ito X compart
ment calculated from a deposition model of DEPs (Yu and 
Xu 1987b). The total mass of the particle-associated organics 
in compartment X is the sum of m~l and m~l, and the total 
mass of DEPs in compartment X is equal to 

(A.12) 
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APPENDIX B. Transport Rates of Diesel Soot and 
Particle-Associated Organics in Rats 

The values of A.~y (in day - 1) that we adopted from the 
literature and used in the model calculation for rats are 
listed below: 

[i) "-He = 1.73, i = 1, 2, 3 (Chan et al. 1981; ICRP 1979) 

A.[/b = 0.693, 

A.~l0 = 0.0129 

A. ~)0 = 0.0288 

A.~lo = 15.7 

i = 1, 2, 3 (Chan et al. 1981) 

(Strom et al. 1988) 

(Sun et al. 1984; Bond et al. 1986) 

(Sun et al. 1984; Bond et al. 1986) 

"-~k = 4"-~i i = 2, 3 (ICRP 1979) 

The following values of A.~y were derived using the ex
perimental data of lung burden and lymph node burden: 

A.~~= 0.012 exp(-0.11 m~75) 
+ 0.00068 exp (- 0.046 m ~52 ), i = 1, 2, 3 

"-~i = 0.00068[1 - exp( -0.046 m~52)] 

A.lj)B = A.% = /...~1 = A~B = 0.00018 

A.lj)B = A(f1 = /...~1 = A.~k = 0.0129 

A.lj)B = A.(f1 = A.~1 = A.~k = 12.55 

A.~1 
= A.~~ + "-~i + "-~k i = 1, 2, 3 

A.~l = 0.012 exp( -0.11 m~75) + 0.00086 

A.~l = 0.012 exp(- 0.11 m~75) + 0.00068 exp(- 0.046 m~52 ) 
+ 0.0161 

A.~l = 0.012 exp(- 0.11 m~75) + 0.00068 exp(- 0.046 m~52 ) 
+ 15.7 

where mA ~ m~l is the particulate burden (in milligrams) 
in the alveolar compartment. 

APPENDIX C. Transport Rates of Diesel Soot and 
Particle-Associated Organics in Humans 

The values of A.~y (in day -l) that we adopted from the 
literature and used in the model calculation for humans are 
listed below: 

[i) -"-He - 1.73, i = 1, 2, 3 (Chan et al. 1981; ICRP 1979) 

[i) -"-Te - 0.693, i = 1, 2, 3 (Chan et al. 1981; ICRP 1979) 

A.~10 = 0.00169 (Bailey et al. 1982) 

A.~Jo = 0.0288 

A. r;{0 = 15.7 

(Sun et al. 1984; Bond et al. 1986) 

(Sun et al. 1984; Bond et al. 1986) 

A. (i) - 4/... [i) 
AB- AL i = 2, 3 (ICRP 1979) 

The following values of A.~y were derived by extrapolat
ing the results of rats: 

A.~~ = (1/P)[0.012 exp(- 0.11(mAIS) 1·75) + 0.00068 
exp(- 0.046(m A IS) 1·52)], i = 1, 2, 3 

A.~i = 0.00068[1 - (1/P) exp(- 0.046(mA/S)1·5Z)] 

0 (1) - 0 (1) - 0 (1) - 0 (1) - 0 00018 II.HB - II.TB - II.LB - II.AB - · 

0 (2) - 0 (2) - 0 (2) - 0 (2) - 0 0129 
II. HB - II. TB - II. LB - II. AB - · 

0 (3) - 0 (3) - 0 (3) - 0 (3) - 12 55 II.HB-II.TB-II.LB-II.AB- · 

A,lil _ A,lil + A,lil + f...Ul 
A-AT AL AB 

A.~J = (1/P)[0.012 exp( -0.11(mA/S]1.75)] + 0.00086 

A.~J = (1/P)[0.012 exp(- 0.11(m A IS) 1.75) + 0.00068 
exp(- 0.046(mA/S) 1·52)] + 0.0161 

A.~l = (1/P)[0.012 exp(- 0.11(mA/S) 1·75) + 0.00068 
exp( -0.046(mA/S) 1·52)] + 15.7 

where mA ~ m~l is the particulate burden (in milligrams) 
in the alveolar compartment, P = 14.4, and Sis the pulmo
nary surface area ratio given in Table 2. 
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ABBREVIATIONS 

BaP benzo[a]pyrene 

DEPs diesel exhaust particles 

3H-BaP [3H]benzo[a]pyrene 

MMAD mass median aerodynamic diameter 

NP nitropyrene 

ICRP International Commission on Radiological 
Protection 

ag geometric standard deviation 



HEALTH REVIEW COMMI'ITEE'S COMMENTARY 
Health Effects Institute 

INTRODUCTION 

A Request for Applications (RFA 83-3), which solicited 
proposals for "Dose of Airborne Pollutants to Target Tis
sues;' was issued by the Health Effects Institute (HEI) in the 
summer of 1983. In response to the RFA, Dr. C. P. Yu from 
the State University of New York at Buffalo submitted a pro
posal entitled "Predictive Models for Deposition oflnhaled 
Diesel Exhaust Particles in Humans and Laboratory Spe
cies:' This study was completed in June 1986, and was pub
lished as HEI Research Report No. 10. In January 1986, Dr. 
Yu submitted to the HEI a renewal application entitled "De
termination of Lung Dose of Diesel Exhaust Particles." The 
HEI approved the two-year study, which began in April 
1987. Total expenditures for the two-year project were 
$144,918. The Investigators' Report was received at the HEI 
in July 1989 and accepted by the Health Review Committee 
in April1990. During the review of the Investigators' Report, 
the Review Committee and the investigators had the oppor
tunity to exchange comments and to clarify issues in the In
vestigators' Report and in the Review Committee's Com
mentary. The Health Review Committee's Commentary is 
intended to place the Investigators' Report in perspective, as 
an aid to the sponsors of the HEI and to the public. 

REGULATORY BACKGROUND 

The U.S. Environmental Protection Agency (EPA) sets 
emissions standards for diesel engines and vehicles under 
Section 202 of the Clean Air Act, as amended in 1990. Sec
tion 202(a)(1) directs the Administrator of the EPA to "pre
scribe (and from time to time revise) ... standards applica
ble to the emission of any air pollutant from any class or 
classes of new motor vehicles or new motor vehicle engines, 
which in his judgment cause, or contribute to, air pollution 
which may reasonably be anticipated to endanger public 
health or welfare:' Section 202(a)(3)(A)(i) specifically di
rects the Administrator to set standards for the "emissions 
of carbon monoxide, hydrocarbons, oxides of nitrogen and 
particulate matter from classes of heavy-duty vehicles and 
engines .... " 

The EPA has taken a variety of regulatory actions with re
spect to diesel engines and vehicles under the authority 
given it by Section 202(a)(1) and 202(a)(3)(A)(i) of the Act. 
For instance, the EPA has set emissions standards for both 
heavy-duty and light-duty trucks. These emissions stan
dards initially are made applicable to all engines and vehi-

cles produced in a given model year. Engines and vehicles 
of the same class that are produced in succeeding years 
must also comply with these existing standards unless the 
EPA establishes a new set of standards. 

The EPA issued emissions standards for diesel-fueled 
heavy-duty engines and vehicles in 1980 that specified 
limits for hydrocarbons, carbon monoxide, and oxides of 
nitrogen applicable to heavy-duty engines and vehicles pro
duced during the 1985 model year, and in 1985 added limits 
on particulate matter emissions for the 1988 model year. 
The EPA also set emissions standards for the 1991 and 1994 
model years. The EPA revised those standards most recently 
in 1989. 

With respect to light-duty trucks, the EPA issued emis
sions standards for the 1985 model year in 1980 that speci
fied limits for the emission of hydrocarbons, carbon mon
oxide, oxides of nitrogen, and particulate matter. New 
standards were later promulgated for the 1987, 1988, 1990, 
and 1991 model years. The EPA set standards applicable to 
the 1991 model year in 1988 and revised them most recently 
in 1989. 

The 1990 Amendments to the Clean Air Act included sev
eral provisions that deal with diesel engines and vehicles. 
Section 202(a)(3)(B)(ii), as amended, requires that, begin
ning in 1998, all diesel-fueled heavy-duty trucks not emit 
more than 4.0 grams per brake horse power-hour (g/bhp
hour). Section 202(a)(3)(B)(ii) sets new emissions standards 
for oxides of nitrogen produced from diesel-powered heavy
duty trucks. Section 292(j) authorizes the Administrator to 
promulgate regulations for carbon monoxide emissions 
from various classes of vehicles when operated at cold tem
peratures. Section 219 requires the use of certain low
polluting fuels in urban buses in cities that have not met 
certain emissions standards. Section 231 requires the Ad
ministrator to oversee a study to determine whether or not 
ethanol and high erucic rapeseed oil might be used as an 
"alternative to diesel fuel:' 

The development of models that estimate retention and 
predict lung burdens of diesel particles can contribute to an 
increased understanding of the risks to humans from ex
posure to diesel engine exhaust. These models can contrib
ute also to informed decision-making with respect to stan
dards under the Clean Air Act. 

SCIENTIFIC BACKGROUND 

The health effects of diesel engine emissions are of con-
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cern for several reasons, including the respirable size of the 
diesel exhaust particle, the genotoxicity of a number of 
chemicals associated with the particle (Claxton 1983; 

Lewtas 1983), and the recent reports of pulmonary car
cinogenicity of diesel engine exhaust in rats (Brightwell et 
al. 1986; Heinrich et al. 1986; Ishinishi et al. 1986; Iwai et 
al. 1986; Mauderly et al. 1986). Also, several epidemiologi
cal studies suggest an association between chronic ex
posure to diesel engine exhaust and an increased risk of 
lung and bladder cancer in humans (Silverman et al. 1986; 

Steenland 1986; Garshick et al. 1987, 1988). It is important 
to note, however, that obtaining an accurate assessment of 
exposure has been a major limitation in the interpretation 
of epidemiological studies. In addition to the difficulties in 
estimating exposure to diesel engine exhaust, several par
ticulate agents, most notably cigarette smoke, confound the 
estimates. After reviewing the genotoxicity, carcinogenic
ity, and epidemiological data, the International Agency for 
Research on Cancer evaluated diesel engine exhaust as 
"probably carcinogenic to humans" (International Agency 
for Research on Cancer 1989). In the United States, the Na
tional Institute for Occupational Safety and Health (1988) 

has recommended that whole diesel exhaust be regarded as 
a "potential occupational carcinogen:' 

The major focus of concern with exposure to diesel en
gine exhaust has been carcinogenicity. However, noncar
cinogenic histologic and cytologic effects also have been 
noted in animal studies. After subchronic and chronic ex
posure to diesel emissions, an inflammatory cell response 
occurs (Mauderly et al. 1981; White and Garg 1981; Hein
rich et al. 1986; Lewis et al. 1986; McClellan et al. 1986). 

Particle-laden macrophages accumulate in the alveoli and 
peribronchial regions (Wiester et al. 1980; Karagianes et al. 
1981; Mauderly et al. 1981; White and Garg 1981; Pepelko 
1982; Plopper et al. 1983; Heinrich et al. 1986). Hyperplasia 
of bronchiolar and alveolar type II epithelial cells, as well 
as thickening of alveolar walls, have been reported (Wiester 
et al. 1980; White and Garg 1981; Kaplan et al. 1982; Pepel
ko 1982; Plopper et al. 1983; Heinrich et al. 1986; Ishinishi 
et al. 1986; Lewis et al. 1986). Fibrotic (Karagianes et al. 
1981; Hyde et al. 1985; Heinrich et al. 1986; Lewis et al. 
1986; McClellan et al. 1986) and emphysematous (Karagi
anes et al. 1981; Heinrich et al. 1986) lesions have been 
noted. The relationship of these observations to chronic 
lung disease remains to be determined. 

The overall assessment of the health effects of exposure 
to diesel engine exhaust involves the sum of numerous com
plex variables, such as the extent of exposure, target-tissue 
dose, toxicity of the original and metabolized agent or 
agents, and variations in host susceptibility. When relating 
ambient exposures to potential human health effects, deter-
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mining the dose of diesel particulate matter to pulmonary 
tissues is critical. Without measurements or accurate esti
mates of dose, it is difficult to extrapolate findings from ani
mal studies, evaluate exposure in epidemiological studies, 
or assess individual variability. 

Airborne particles of respirable size are inhaled and de
posited onto respiratory tract surfaces (reviewed by Schle
singer 1988). Several physical, chemical, and biological 
processes act upon the deposited material to remove it from 
the lungs. In the airways, insoluble particles are cleared 
to the oropharynx primarily by the movement of surface 
mucus propelled by the ciliated epithelial cells; this pro
cess is termed mucociliary clearance. Soluble particles may 
dissolve and diffuse into the circulation. Both of these 
processes are fairly rapid, and the majority of deposited 
material in the airways is removed within 24 to 48 hours. 
Particles that reach the alveolar region of the lung are 
cleared more slowly and by different pathways. Some parti
cles are taken up by alveolar macrophages, which, in turn, 
migrate onto airway surfaces and exit the lung by way of the 
mucociliary system. Alternatively, particle-laden macro
phages, as well as free particles, may enter the pulmonary 
interstitium and make their way to the lung-associated 
lymph nodes. The clearance half-life of material deposited 
in the alveolar region ranges from weeks to months, de
pending on the route of exit from the lung. If material 
reaches the pulmonary lymph nodes, the residence time in
creases from months to years. 

Deposited particles that are not cleared from the lungs re
main sequestered in pulmonary tissues. In healthy individ
uals exposed to small amounts of particles, pulmonary 
clearance mechanisms are usually effective in removing the 
majority of the deposited material. However, if the lung is 
unable to clear particles faster than the rate at which they 
are deposited, the particles accumulate; this phenomenon 
is termed particle overloading. The significance of particle 
overloading is that, with longer retention times, the dose of 
toxic compounds to pulmonary tissues potentially in
creases. In summary, deposition and clearance are inter
related processes, and if deposition exceeds clearance, the 
balance is termed retention. These processes influence the 
local dose to target tissues, and hence, the toxic response 
to inhaled particulate matter. 

Diesel exhaust particles are composed of a dense carbo
naceous core. Combustion-derived organic compounds are 
adsorbed to this core. It is assumed that the clearance ki
netics of diesel exhaust particles from the respiratory tract 
are similar to those of insoluble particles. After an acute ex
posure to diesel engine exhaust, the removal of particles 
from rat pulmonary surfaces follows a biphasic pattern, in
dicating that mucociliary transport and macrophage-
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mediated transport are likely to be the predominant clear
ance mechanisms (Chan et al. 1981). Under conditions of 
high exposure levels, overloading has been demonstrated in 
rodents. A threshold concentration has not been deter
mined, but clearance from the alveolar region is impaired 
in studies in which diesel exhaust particle concentrations 
are greater than 1 mg/m3 (Vostal et al. 1982; Griffis et al. 
1983; Chan et al. 1984; Wolff et al. 1987). Furthermore, the 
extent to which alveolar clearance is impaired depends on 
the initial particle burden: the greater the particulate con
centration, the slower the clearance (Chan et al. 1984). 

The disposition ofthe adsorbed organics also needs to be 
considered (reviewed by Sun et al. 1988). For those ad
sorbed organic compounds that remain associated with the 
carbon core during clearance, clearance kinetics are the 
same as those of the particle. Clearance rates vary for those 
organic compounds released from the particle. Dissociated 
compounds may pass into the circulation. Alternatively, 
they can be taken up by respiratory tract tissues or pulmo
nary macrophages and be metabolized. Metabolism may 
lead either to activation or degradation of the parent com
pound. 

The determination of tissue doses of diesel exhaust parti
cles has important implications when trying to elucidate 
mechanisms of toxicity. It is not known if the mechanisms 
operative at high exposure levels, which are usually used 
in animal studies, also operate at low levels, which may be 
more representative of human exposures. For example, sev
eral mechanisms have been proposed to account for the car
cinogenic response observed in rodents. The deposition 
and clearance of the adsorbed organics, some of which are 
mutagens and carcinogens, are affected by their association 
with the diesel particle (reviewed by Sun et al. 1988). The 
deposition sites and clearance mechanisms are different, 
clearance rates are slower, and retention times are longer for 
particle-associated organics than for aerosols of pure com
pounds. Recently, considerable attention has been focused 
on the influence of particle overloading. The induction of 
respiratory tract carcinomas in rats has occurred only with 
high exposure concentrations of 3.5 mg or more of diesel 
particles/m3 . It has been suggested that under conditions 
of particle overload, the increased retention of particle
associated organic compounds may increase the bioavaila
bility of genotoxic compounds, thus increasing the risk of 
a tumorigenic response (Heinrich et al. 1986). However, the 
actual bioavailability of adsorbed organic compounds has 
not been determined. Their prolonged presence in the 
lungs may or may not be significant as long as they remain 
adherent to particle surfaces. The physical-chemical factors 
that govern desorption and subsequent bioavailability of 
genotoxic compounds are poorly understood. In addition, 
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the uptake and metabolism of released organics by macro
phages and epithelial tissues have not been well charac
terized. 

In addition to genotoxic mechanisms, nongenotoxic 
mechanisms may play a role in a tumorigenic response. Af
ter chronic exposure of rats to diesel engine exhaust, hyper
plasia of bronchiolar and alveolar type II epithelial cells has 
been observed (Wiester et al. 1980; White and Garg 1981; 
Pepelko 1982; Plopper et al. 1983; Heinrich et al. 1986; 
Ishinishi et al. 1986; Lewis et al. 1986). Increased epithelial 
proliferation may increase susceptibility to tumor induc
tion, thus contributing to the observed tumor incidence in 
chronic inhalation studies (reviewed by Ames and Gold 
1990). Therefore, the determination of tissue doses that in
duce cell renewal also may be relevant. 

Mechanisms that cause noncarcinogenic effects are not 
well understood, but the inability of the lungs to clear de
posited diesel particles appears to play a role. The cellular 
changes described above do not occur at low particle con
centrations. Such changes are associated with the reduc
tion of pulmonary clearance and the accumulation of mac
ro phages filled with ingested particles. The relationships 
among particle overloading, macrophage aggregation, and 
conditions such as inflammation, cellular proliferation, 
fibrosis, or emphysema are not known. 

Thus, in order to assess the health risks from exposure to 
diesel engine exhaust, it is important to determine the 
retention time and sites of accumulation of the particles 
and associated organic compounds. Animal studies have 
focused primarily on the deposition, clearance, and reten
tion of diesel exhaust particles, but have not measured 
directly the dose of particles to the cells and tissues of the 
respiratory tract (Chan et al. 1981; Griffis et al. 1983; Lee et 
al. 1983; Chan et al. 1984; Wolff et al. 1986). Data on the fate 
of combustion-derived organics are not available, although 
studies on the disposition of organic compounds experi
mentally adsorbed onto diesel exhaust particles (Sun et al. 
1984; Ball and King 1985; Bond et al. 1986) or other insolu
ble particles (Wolff 1989; Wolff et al. 1989) have been con
ducted. No data on clearance kinetics and retention, of ei
ther diesel particles or associated organics, are available on 
humans. However, tissue doses can be estimated by con
structing dosimetry models that utilize experimental data 
obtained from animals. The accuracy of the model will de
pend, in part, on taking into account the complexity of the 
routes, rates, and mechanisms of clearance. 

JUSTIFICATION FOR THE STUDY 

The health effects of inhaled particles and gases from mo-
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bile source emissions are of central concern to the HEI. 
Considerable attention has been given to the evaluation of 
biological responses caused by emission products, but less 
effort has been devoted to the quantification of dose. How
ever, without an accurate measurement or estimation of 
dose, descriptions of responses are of diminished value. In 
an earlier project funded by the HEI, Yu and Xu (1987) made 
theoretical calculations of lung deposition to predict the 
amount and distribution of particulate material deposited 
in the lungs during inhalation from a given airborne diesel 
exhaust particle concentration. However, tissue dose is de
termined not only by the distribution of deposition, but also 
by clearance times and pathways of redistribution among 
cells and tissues. Thus, additional modeling research was 
needed to describe clearance, retention, and total lung 
burdens. 

For the current study, Dr. Yu proposed to determine the 
lung burden of diesel engine exhaust particles under vari
ous exposure conditions. Mathematical modeling first 
would be done in rats and then extrapolated to humans. The 
investigator proposed to develop a nonlinear model for 
clearance kinetics, which describes clearance as a function 
of lung burden over time, and then to develop a retention 
model for diesel exhaust particles. Using this retention 
model and the deposition model developed in his previous 
study, Dr. Yu would then predict total lung burden of partic
ulate material. 

The HEI Research Committee considered that the devel
opment of a reliable mathematical model of clearance, tak
ing into account the nonlinear nature of clearance processes, 
was an important contribution to dosimetry modeling. Esti
mates of diesel-particle burdens are necessary for the as
sessment of diesel engine exhaust exposure. Thus, the goals 
of Dr. Yu's proposal were considered worthy and, because 
of his qualifications and experience, attainable. 

STUDY OBJECTIVES 

The objective of this project was to extend a previously 
developed model for deposition of inhaled diesel exhaust 
particles (Yu and Xu 1987) to include clearance kinetics and 
retention. The investigators sought to develop a mathemati
cal retention model based on available experimental data in 
rats and then to extrapolate this model from rats to humans. 

A critical feature of the theoretical model was the con
sideration of the diesel exhaust particle as tripartite with re
gard to its clearance characteristics. The description of the 
particle included a carbonaceous core (which the investiga
tors refer to as soot), a rapidly cleared organic fraction 
with a short retention time, and a slowly cleared organic 
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fraction with a long retention time. The division of the or
ganics-into slowly cleared and rapidly cleared components 
was based on the observations that the concentration of in
haled particle-associated organic compounds in the lungs 
decreases along a concave, biphasic curve (Sun et al. 1984; 

Bond et al. 1986). A biphasic disappearance of the associated 
organics is consistent with a single species of organics 
passing though two compartments on its way out of the 
lung. A biphasic disappearance curve is also consistent 
with two distinct species clearing independently at differ
ent rates. The physical transport of the particle was mod
eled in four anatomical compartments: the nasopharyn
geal, tracheobronchial, alveolar, and lymph node regions. 
Equations were developed for the role of each of these com
partments in the clearance of the three components of the 
diesel exhaust particle. The model was based on ex
perimental data collected by Strom and coworkers (1988) in 
Fischer rats and was extended to humans. The retention 
model was based on exposures to diesel exhaust particles 
at 6 mg/m3 for 20 hours/day and 7 days/week. 

Once developed, the retention model was combined with 
the investigators' deposition model (Yu and Xu 1987), and 
burdens of diesel soot and associated organics were calcu
lated. Exposure conditions of the model were varied, and 
their effects on estimated burdens were examined. The ef
fects of diesel particle concentrations (0.1 mg/m3 and 1.0 
mg/m3), exposure pattern (continuous and intermittent), 
and age on lung burdens of diesel soot and associated or
ganics were calculated. In addition, the effect of diesel par
ticle concentration on lung clearance, intercompartmental 
transport, and the accumulation of lung burdens over time 
were evaluated. 

Finally, the investigators varied several parameters of the 
retention model to determine the effects on estimated lung 
burdens of diesel soot and associated organics. Particle 
characteristics (mass median aerodynamic diameter, geo
metric standard deviation, mass fraction of particle
associated organics, and mass ratio of the rapidly cleared 
organics), ventilation (tidal volume and respiratory fre
quency), lung volume, lung structure (by using different 
lung models), and alveolar transport rate were varied, and 
lung burdens for adult humans were calculated. These 
parametric analyses used an exposure pattern of 0.1 mg/m3 

for 24 hours/day and 7 days/week for 10 years. 

TECHNICAL EVALUATION 

ATTAINMENT OF STUDY OBJECI'IVES 

The investigators developed a retention model for diesel 
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exhaust particles and associated organics for rats and hu
mans. This retention model was combined with the deposi
tion model developed earlier (Yu and Xu 1987}, and lung as 
well as lymph node burdens for diesel soot and associated 
organics were calculated. Thus, all the study objectives 
were attained. 

THE MODEL: RESULTS OF CALCULATIONS 
AND PREDICTIONS 

Most of the predictions reached by the investigators are 
consistent with the experimental results reported in previ
ous studies on clearance in animals. More specifically, cal
culations of the model showed that alveolar clearance rates 
of diesel soot, but not organic compounds, decrease with 
increasing lung burdens. At low lung burdens of diesel 
soot, mucociliary transport dominates alveolar clearance, 
whereas at high lung burdens, material is cleared to the 
lymphatic system. On the basis of calculations of their 
model, the investigators arrived at four new predictions: 
1. After exposure to diesel exhaust particles for the same 

amount of time, lung burdens of diesel soot and as
sociated organics are greater in humans than in rats. 

2. During continuous exposure, the lung burdens of diesel 
soot and associated organics eventually reach a steady 
state. 

3. After exposure to equal concentrations of diesel exhaust 
particles, the reductions in alveolar clearance of diesel 
soot from high lung burdens is greater in children than 
in adults. 

4. The accumulations of diesel soot and associated or
ganics, on a per-unit-of-lung-weight basis, reach a maxi
mum at five years of age. 

On the basis of their calculations of dose and the resulting 
predictions, humans could prove to be more susceptible 
than rats to toxic effects from diesel exhaust particles, and 
children may be especially more sensitive than adults. 

From the equations and assumptions presented in the In
vestigators' Report, the predictions drawn appear sound. In 
this type of mathematical modeling study, however, the 
predictions are driven strongly by the methods used. 
Therefore, there are several aspects of the study to consider 
for refinement: 

1. Characteristics of the particle. The descriptions of the 
three components of the diesel exhaust particle could be 
improved. Experimental data for the particle-associated 
organics were derived from studies of radio labeled 1-ni
tropyrene (Bond et al. 1986} and benzo[a]pyrene (Sun et 
al. 1984}. In those studies, the radiolabeled compounds 
were adsorbed onto diesel soot particles, and then the 

coated particles were used for inhalation studies; there
lease of the radiolabeled compounds from the particle 
were assumed to predict the desorption of unlabeled 
combustion-derived organic molecules. This assumption 
may not be valid because adsorption energy decreases 
with coverage. Diesel exhaust particles could contain as 
many as eight layers of adsorbed molecules on their sur
faces, causing the adsorption energy of the combustion
derived molecules to change dramatically depending on 
the number of layers. In addition, evidence suggests that 
diesel exhaust particles, which have heterogeneous sur
faces, selectively retain polar molecules. These studies 
with radiolabeled molecules do not take into account 
selective adsorption and, hence, release. Thus, the re
lease of combustion-derived organics may not be analo
gous to the behavior of compounds applied by passive 
adsorption. 

The investigators assumed that the amount of organics 
cleared slowly from the lungs represents 10 percent of 
the total particle mass. Although the investigators sug
gested several mechanisms by which organics would be 
removed from the lungs slowly over time, it should be 
pointed out that the amount of organics that are tightly 
bound to the carbon core is probably only 0.1 to 0.2 per
cent of the total particle mass. Figures 25 and 26 of the 
Investigators' Report illustrate how the lung burden of 
soot and associated organics would be affected if the 
total mass fraction (f2 + f3) or the mass ratio of fast
cleared organics to total organics (f3 /f2 + f3) were var
ied. The reader should refer to these figures in order 
to estimate lung burdens for different proportions of or
ganics. 

2. Exposure conditions. The retention model was based on 
one pattern of exposure consisting of 6 mg of diesel 
soot/m3 for 20 hours/day and 7 days/week, with the em
phasis on obtaining a particle-overload condition. The 
applicability of the model to short, low-level exposures 
or to intermittent peaks of high-level exposure, both of 
which are more comparable to human exposure pat
terns, is unclear. Additional effort could have been di
rected toward the application of the model to a wider 
range of exposure patterns. For example, Figure 15 shows 
that when human adults are exposed to diesel exhaust 
particles at 0.1 or 1.0 mg/m3 , the accumulation of soot 
over time becomes disproportionately greater with the 
higher concentration as the intensity of exposure in
creases. Also, Figure 19 shows that under intermittent 
exposure conditions over a 10-year period, the tolerated 
dose before the normalized alveolar clearance rate starts 
to decline is five times greater than that under the con
tinuous exposure conditions. These examples illustrate 
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the value of looking at alternative exposure patterns. 
Thus, in addition to fitting existing data from experi
ments that emphasize lung burden and overload, as
sumptions of the model need to be varied further. 

3. Model construction. A critical aspect of the construction 
of the model is the parameter-fitting exercise conducted 
on the data from Strom and coworkers (1988). Because 
many of the numerical parameters were derived from 
this exercise, the validity of the exercise is important. In 
most of the postexposure periods from Strom's experi
ment, alveolar soot mass (m~) declined very little be
low its initial level (m~kl· Therefore, it is difficult to 
ascertain whether or not the alveolar clearance rate (A~J) 
was a function of the dynamically changing mass (m)fll 
or a function of the maximum mass (m~k· which re
mains a constant) during the postexposure period. Be
cause using the maximum mass led to a simple exponen
tial decline, it appears that it was chosen for convenience. 
This choice would be irrelevant if exponential declines 
fitted the data well, but in fact the fit was poor (see Fig
ure 4). The fit might have been improved by allowing the 
alveolar clearance rate to depend dynamically on the 
declining mass of soot. 

4. Statistical reliability. The statistical reliability of the 
gathered, derived, or assumed parameters could have 
been more thoroughly examined. Goodness-of-fit was 
not evaluated for the functions forced through the data 
from Strom and coworkers (1988), on which many of 
the model parameters were based. No reason was given 
for the unconventional 1/y2 weighting that was used to 
fit these data. Furthermore, the fitted parameters were 
reported without standard errors (see Table 1). Similarly, 
all additional parameters derived from Strom's study or 
from other studies were reported without any indication 
of statistical limits. The possibility remains that the 
propagation of error could make some parameters of the 
model ill-determined, and thus of limited value. This as
pect of variability has not been estimated by the calcula
tion of standard errors, nor has its impact been assessed 
by sensitivity analysis. Without such an assessment, it 
is difficult to know if the model is well-determined on 
the basis of the data from which it was constructed. 
Thus, the stability, validity, and reliability of the predic
tions are unclear. 

5. Extrapolation assumptions. The extrapolation from rats 
to humans represents the most interesting and valuable 
part of the study. The rat-to-human scaling, however, was 
based on the unconfirmed assumption that mechanical 
clearance varies with the specific particulate dose to al
veolar surface in the same proportion in humans and in 
rats. All other clearance rates in humans were assumed 
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equal to those in rats. These assumptions, however, are 
substantial ~nd require validation. 

6. Model validation. Incomplete validation of the model is 
a concern. Although the investigators presented some 
independent data, some of the validation was circular, 
in that experimental data were used to construct the 
model and then were used to validate the model. The ab
sence of abundant experimental data from which the in
vestigators could have drawn emphasizes the need for 
such studies. 

These limitations do not seriously detract from the esti
mates and usefulness of the model; rather, they should be 
considered during future revisions of the model and for its 
use by others. The model generated reasonable qualitative 
behavior and quantitative results for various body burdens 
of soot and organic compounds. No paradoxical or extrava
gant effects were apparent. 

The model yielded several interesting numbers, such as 
the lifelong equilibrated soot accumulation in adult lungs 
(150 mg for each mg/m3 of chronic half-day exposure), the 
ratio of alveolar to tracheobronchial burden (50:1 for or
ganic compounds, 400:1 for diesel soot), and the equilibra
tion time for accumulating lung soot (five to ten years). 
Comparisons among clearance rates after full-day ex
posures (24 hours/day and 7 days/week), half-day exposures 
(12 hours/day and 7 days/week), and work-day exposures (8 
hours/day and 5 days/week), which entail a total of 168, 84, 
and 40 hours/week, respectively, exhibited a ratio of 4:2:1. 
The lung burdens of diesel soot also exhibited an approxi
mate ratio of 4:2:1 over a 10-year chronic exposure. The ex
ception to this calculation occurred when the effect of over
load (that is, high concentrations and full-day exposures) 
added to the burden on a concentration-specific basis. 

Assumptions and approximations are inevitable with an 
ambitious modeling exercise. The investigators took care to 
examine the effects that would have resulted if incorrect 
values had been used for some of their simulations. For ex
ample, two crucial parameters, the alveolar soot clearance 
rate (A~) fitted to the data from Strom and the slower alveo
lar organic clearance rate (A~J) obtained by averaging two 
values from the literature, were perturbed to determine the 
effect on the lung burden of soot and organics. The re
sponse was approximately inversely proportional; halving 
the clearance rate doubled the burden, and raising the 
clearance to 3/2 of the unperturbed value lowered the bur
den by a factor of 2/3. One important parameter that was not 
perturbed was the scaling factor for alveolar clearance rate 
(P) between rats and humans. Extrapolation to humans was 
acknowledged as the "most tenuous" aspect of the model 
and is, therefore, a good candidate for sensitivity analyses. 
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REMAINING UNCERTAINTIES AND 
IMPLICATIONS FOR FUTURE RESEARCH 

The model developed by Yu and Yoon remains to be fully 
explored. Some of the assumptions need testing. For exam
ple, the use of adsorbed radiolabeled compounds as sur
rogates for combustion-derived organics may not be valid; 
the organics forming the secondary coating of diesel ex
haust particles may not exhibit the same degree of adher
ence as those organics formed during combustion. Also, 
some of the rat-to-human scaling factors need validation. 
The extrapolations were based on lung size and lung sur
face area; these assumptions could be tested further. 

Although the model focuses on the influence of overload 
on lung burdens, this phenomenon is probably not relevant 
to most human exposures. The annual mean level of ex
posure to diesel particulate matter, which represents ap
proximately 3.9 percent of the total suspended particulate 
emissions, is estimated at less than 3.0 ~-tgfm3 (Carey 1987); 
this level is orders of magnitude less than the value on 
which the model was constructed. A greater range of ex
posure conditions, especially those more closely approx
imating human exposure, should be considered. With in
termittent or low-dose exposures, the lungs may clear 
deposited material adequately. The ultimate impact on tis
sue dose needs to be estimated under such exposures. 

Finally, additional experimental data are needed to vali
date the model and its predictions. The model could be 
used to suggest an appropriate experimental design for such 
studies. In addition to validating the model, experimental 
studies could be used to explore various components of the 
model. For example, with overload conditions the model 
could be simplified by considering the alveolar region 
only; under such circumstances, the mechanisms of alveo
lar clearance might be examined empirically. 

CONCLUSIONS 

The model described in this report addresses the pulmo
nary disposition of inhaled diesel exhaust particles and the 
particle-associated organics. The model developed is well 
considered and executed, clearly presented, and shows a 
high level of inventiveness and technical proficiency. The 
investigators took a novel approach in considering the alve
olar compartment as a single compartment and the frac
tional alveolar clearance rate as a function of the existing 
burden, rather than as a constant. They distinguished be
tween clearance during deposition, which is a function of 
the instantaneous alveolar mass of soot, and clearance fol
lowing termination of exposure, which no longer depends 

on instantaneous levels of soot, but remains at the end-of
exposure level. Different parameters can be inserted into the 
model, making it dynamic and useful. 

Values for lung burdens, which are difficult to obtain ex
perimentally, can be calculated from the model. The esti
mations of dose and the resulting predictions both support 
previous findings in animal studies and address new and 
interesting information on the extrapolations of the animal 
studies to human exposure scenarios and on the potential 
susceptibility of preschool children. Calculations of dose 
suggest that after repeated exposures, the accumulated lung 
burdens of diesel soot in humans would be higher than in 
rats, which implies that humans may be more susceptible 
to toxic effects than are rats. According to the model, adults, 
who have larger lungs, accumulate more total soot than 
children in response to a given exposure. Conversely, the 
lungs of preschool children absorb more soot on a mass
specific basis than do tissues of adults. 

As with all models that lack data on many of the physio
logical processes involving clearance, the validity of this 
model depends on the accuracy and completeness of the as
sumptions on which it is based. Most of the concerns are 
with clarifying the construction of the model and distin
guishing between what was assumed and what was de
rived, so that the limits of the model's inference can be more 
clearly delineated. 

Current application of this model, however, must be ap
proached with great restraint. For example, the extrapola
tion of a model that assumes overload may not be appropri
ate for lower exposure conditions. With an understanding 
of the limitations of that assumption, the model calculation 
that shows a peak in lung burden per unit of lung weight 
in the age range of two to six years has important implica
tions for establishing standards for children based on data 
from adults. Confirmation of this estimation of dose, as well 
as others generated by the model, should be pursued and 
tested. 

In summary, the model represents a significant contribu
tion to the field and could have a direct bearing on risk as
sessment as well as implications for public policy. From a 
risk assessment standpoint, this model sufficiently describes 
the potential tissue dose of inhaled particles, but the model 
description for the adsorbed organics may be too simplistic. 
For example, although the investigators recognized the im
portance of the binding of organic compounds to macro
molecules, they did not provide transport rates; there should 
be some experimental data on xenobiotic metabolism that 
could be incorporated into the model. Once modified and 
validated, the model could provide considerable insight 
into the dose to target tissues for diesel exhaust particulate 
matter. Thus, the human health risks from inhaled diesel 
engine exhaust could be better assessed. 
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