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Rodent studies are frequently used to assess risk in humans, yet it is not known whether 
the overloading of lung clearance, as observed in rodents, occurs in humans, or whether 
overloading is related to particle-related lung diseases in humans. The objective of this study 
is to develop a biologically based mathematical model to describe the retention and clear­
ance of respirable coal mine dust in the lungs of humans. A human dosime tric lung model 
was developed that includes alveolar, inters titial, and hilar lymph-node compartments. The 
model describes the particle mass transfer kinetics among these compartments and clear­
ance via the tracheobronchi. The model was calibrated using data in US. coal miners, 
including individual working lifetime exposure histories and lung and lymph-node particle 
burdens. The model fit to the human data was evaluated using a least-squared error criterion. 
Th e end-of-life lung dust burdens of all coal miners in this study were substantially greater 
than expected from a simple, linear first-order model with e ffective clearance, yet their lung 
and lymph-node dust burdens were lower than expected from the rodent-based overload 
model, particularly at higher exposures . The best filling model included a predominant first­
order interstitial compartment, in which the particles are essentially sequestered (with very 
slow clearance to the lymph nodes), and a first-order alveolar clearance compartment with 

Thi s article is not subject to u.s. copyri ght laws. 
Address correspondence to Dr. Eileen D. Kuempel, Risk Evaluat ion Branch, National Institute for 

Occupational Safety and Health, 4676 Columbia Parkway, M.s. C-15, Cincinnati, OH 45226-1998, USA. 
E-mail : edk1 @cdc.gov 

397 



398 E. D. KUEMPEl ET Al. 

either no dose·dependent decline (overloading) or much less than expected from the rodent 
studies. These fin dings are consistent Ivith the findings from magnetopneumography studies 
of clearance in retired miners and from studies of particle retention patterns in rodents and 
primates. This human dosimetric lung model is useful fo r evaluating the kinetic differences 
of particle retention in humans and roden ts. and for eva luating the lung doses in humans 
given different exposure scenarios. 

M any studies on inhaled particle toxicity have been conducted in rodents, 
but questions remain on whether the observed disease responses are appli­
cable to humans. A lthough the overloading of macrophage-mediated parti­
cl e clearance (Morrow, 1988) has been observed in rodents (Bellmann et aI., 
199 1), overloading has no t been demonstrated in humans. A first step in as­
sessin g the ri sk of particle-related disease in humans from the rodent studies 
is to estimate equiva lent doses in animals and humans. Dosimetri c models, 
which can explicitly incorporate experim ental and phYSiologica l data, describe 
the quantitative relationsh ip between external exposure to a substance and 
the intern al dose and can assist w ith the estimation of equivalent doses across 
species. 

In this articl e, we describe a human dosimetry lung model we developed 
and ca librated using data of U.S. coa l miners. We used this model to investi­
ga te the kinetics of particl e cl ea rance and retention, and overloading of alve­
o lar clearance, in these miners. 

The data used for thi s study are from an autopsy data se t of approximately 
700 U.s. coa l miners, who died in 195 7-1 97 1, and for whom pathology and 
radiographi c disease ca tegori es have been described previously (Vallyathan 
et aI., 1996). The 131 miners included in thi s study had data on mass of 
particl es in the lun gs, and 57 of these miners also had data on mass of particles 
in the hilar lymph nodes. Inform ation on miners' work and exposure histori es 
was used to predict the miners' end-of-li fe lung and lymph-node dust burdens 
using this model. Results are reported here for miners w ith both lung anrl 
lymph-node dust burden data. 

A dosimetric model was developed to describe the kinetics of particle 
clearance and retention in the gas-exchange region of human lungs. The struc­
ture of thi s model was based on inclusion of the major sites of particle de­
position, cl earance, and retention in the deep lungs, and on parsimony given 
the available data. The model structure includes alveolar, interstitial, and hi­
lar lymph-node compartments (Fi gure 1), and the model describes the parti­
cle mass transfer among these compartments and clearance via the tracheo­
bronchi. Initial model parameter va lues were based on data from the literature 
in humans (Ba iley et aI., 1985) and rodents (Bellmann et aI., 1991; Tran et aI., 
1997). A human-equiva lent expression for nonlinear dose-dependent decline 
in the first-order alveo lar cl earance rate coefficient was derived using extrap­
olation from rodent data and the volumetri c hypothesis for overloading (Mor­
row, 1988). The data used to ca librate the model include individual working 
lifetime exposure histori es and end-of li fe particl e burdens in the lun gs and 
hilar lymph nodes. 
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FIGURE 1. lli uslration o f th ree-compartment human lung dosimetry model for particle clea rance and 
retention. Key: D , dose rate of deposited particles; M, mass o f dust in the alveoli (A). interstitium (I), lungs 
(LU ), or hilar lymph nodes (LN ); KT, first-order alveolar clearance rate coe ff icient; KI , first-order in terstitial 
transfer rate coeffi cient; F, dose-dependent modifying factor; KLN , first-order lymph-node clea rance rate 
coefficient ; Mr, mass of dust in the tracheobronchi; M XLU, mass of dust cleared from lungs. From Kuempel 
(2000), by courtesy of M arcel Dekker, Inc. 

Optimization of the model fit to the data was performed by determining 
the parameter values that minimized the mean squared error (Kuempel, 2000), 
first using a systematic grid search approach in ACSL (1997) and then using an 
automated, multivari ate approach (Tran et aI., 1999) in MATLAB (1999). Using 
the latter approach, the model was also fitted to individual miners to genera te 
distr ibutions of estimated parameter va lues for alveolar macrophage-mediated 
r, learance to the tracheobronchi (KT ) and particle transfer to the hilar lymph 
nodes (KLN). 

The end-of-life lung dust burdens of all coal miners in thi s study are sub­
sta ntially grea ter than expected from a simple, first-order clearance model (Ta­
ble 1 ). The mean retained total dust lung burden represents approximately 4% 
of the mean cumulative airborn e respirab le coa l mine dust exposure, and one­
third of the tota l dust predicted to have been deposited in the lungs (Table. 1). 

The model that best describes the end-of-life lung and lymph-node dust 
burdens in these miners includes a predominant first-order interstitial compart­
ment, in w hich the particles are essentially sequestered (with slow clearance to 
the lymph nodes), and a first-order alveolar macrophage-mediated clearance 
compartment, with either no dose-dependent decline in that rate coefficient 
or much less than expected from the rodent studies (Table 2). The estimated 
va lues of the clearance rate coefficients, using either the grid search method 
(ACSL) or numeri ca l optimiza tion (MATLAB), are quite similar (Table 3) . 

The distribution of estimated individual va lues of the alveolar clearance 
rate coeffic ient (KT) has a median of 8.8 x 10- 4 (5th and 95th percentiles of 
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TABLE 1. M easured M ean Airborne Dust Exposure and M easured dnd Predicted M ean Total Dust 

lung Bu rden, w ith Various Clearance Assump tions (n = 57 Miners wi th l ymph-Node Da ta) 

M easured 

Predicted, assumingb : 

No alveolar clearance 
Simple, first-order clea rance 
First-order alveolar clea rance and 

interstit ializa tion/sequestration 

Working lifetime 
airborne dust 
exposure (g)" 

380 

c 

lung dust Hilar lymph-node 
burden (g) dust burden (g) 

15.0 1.57 

41.7 3.60 
0.58 0 

14.2 1.4 1 

" Ca lculated from mean cumulative exposure o f 112.7 mg-yr/ m3, and il ssuming 13.5 m3 volume of 
air inha led per 8-h day (ICR P, 1994), and 250 days/ yr exposure. 

/) Alveolar frac tional deposition of 0. 12 (ICRP, 1994). 
eNot applicable. 

TAB LE 2. Comparison of Fi t of One- and Three-Compartment Models to Data, 
by Amoun t of Alveolar Clea rance O verloading (Miners wi th l ymph-Node Da ta, 

n = 57 ) 

Model M SE Bias (g) 

One-compartment (lung) 
No overload 278 + 16.0 
50% O verload 362 + 14.0 
90°;', O verload 832 - 17.0 

Three-compartment (a lveolar, interstitial/sequestration, 
hi lar lymph nodes) 

No overload 94 + 0.99 
50% Overload 11 6 + 0.40 
90'Yo O verload 35/3 -7.2 

TAB LE 3. Best-Fill ing Clearance Parameter Values, by Optimiza tion Approach (Group 
Fit to M iners w ith l ymph-Node Data, n = 57) 

Parameter 

Alveolar-macrophage mediated (KT) 
Interstitia liza tion (Kd 
Transfer to hilar lymph nodes (KLN ) 

Sys tema tic grid 
sea rch (ACSl) 

1 X 10- 3 

4. 7 X 10 - 4 

1 X 10- 5 

Au toma ted, numeric 
integration (MATl AB) 

9.68 X 10 - 4 

4. 54 x 10 - 4 

1.04 X 10- 5 

1.1 X 10- 4 and 4.4 x 10- 3 ); the distribution of estimated individual values of 
the coe fficient for pa rticl e tra n s fe ~ to the hilar Iymr h nodes has a median of 
1.2 x 10- 5 (5th and 95 th percentiles of 2.8 x 10- and 4.0 x 10- 5). Among 
miners w ith different characteristi cs fo r smokin g, disease, and race, the median 
estimated KT va ries by a factor of approximately four (Table 4), but the median 
estimated KlN is similar across these groups (results not shown). 
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TABLE 4. Est imated Alveolar Clearance Rate Coefficient, by Characteristic, among M iners w ith Lymph­
Node Da ta (n = 57) 

Characteristic 

Smoking habit 
Ever (n = 45) 
Never (n = 10), unknown (n = 2) 

Race 
Black (n = 16) 
White (n = 40), other (n = 1) 

Disease, pathologica l classification of fibrosisa,b 
Macules (n = 1 1 ) 
M icronodu les (n = 18) 
Macronodules (n = 9) 
Progressive massive fibrosis (n = 18) 

" Va llya than et a!. (1996). 

M edian KT (day- I ) 

0.0020 
0.00051 

0.00043 
0.00 10 

0.0020 
0.00097 
0.00052 
0.00088 

bOne miner (a mong n = 57) was class ified as no t having fibrosis. 

5th, 95 th Percentiles 

0.00012, 0.0044 
0.00010, 0.0045 

0, 0.00 12 
0.00012, 0.0045 

0.00002 1, 0.0046 
0.000 16, 0.0042 
- 0.00014,0.00 12 
0.00010, 0.0035 

A principal finding of thi s study is the importance of including the pro­
cess of interstitialization/sequestration of particles in the dosimetric model to 
predict the end-of-life lung particle burdens in these coa l miners. This find­
ing is consistent with severa l previous studies. In an earlier analysis of these 
data using a statistical regression model, there was no measurable reduction 
of particle burdens in the lungs of these miners during retirement (Kuempel 
et aL, 1997), In a magnetopneumography study in retired U.S. coal miners, 
alveolar clearance was reduced in some miners and below detection in others 
(Freedman & Robinson, 1988). A study of lung retention patterns for coal dust 
and/ or diesel exhaust particulate showed that particle retention was greater in 
the interstitium of nonhuman primates than in rodents (Nikula et aL, 1997). 

Other findings are also consistent with previous studies, The percentage 
of the working lifetime airborne mass of respirable coal mine dust that was re­
tained (as total particle mass) in the lungs at the end of life was similar in these 
U.S. coal miners and in UX coal miners (Davis et aL, 1977), approximately 
4% and 5%, respectively, The distribution of estimated individual values for 
the first-order alveolar clearance rate coefficient is comparable to that mea­
sured in a study of long-term particle retention in humans without dusty jobs 
(Bailey et aL, 1985), Finally, the estimated cl earance parameters in thi s model 
are consistent with those obtained in an independent data set of U.K. coal 
miners (Tran et aL, 1999). 

An implication of these findings is that a compartmental kinetic model that 
does not describe an interstiti al/sequestration process may be inadequate for 
predicting the retained lung dust burdens in these miners, and possibly in other 
workers with working lifetime exposures to respirable, poorly soluble particles. 
Similarly, rodent models that do not include an interstitial compartment may 
provide poor estimates of long-term particle retention if used for extrapolation 
to humans. The development of an automated optimization approach for 
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these sparse, heterogeneous data provides a method for objectively fittin g the 
model, as well as makin g it feas ible to investigate interindividual variabi lity in 
certain model parameters. This approach of human lung dosimetry modeling 
is promising for use in the development and applica tion of risk assessment 
methods for occupationa l exposure to respirable particles. 
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