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To understand better the factors influencing the rela-
tionships among airborne particle exposure, lung bur-
den, and fibrotic lung disease, we developed a bio-
logically based kinetic model to predict the long-term
retention of particles in the lungs of coal miners. This
model includes alveolar, interstitial, and hilar lymph
node compartments. The 131 miners in this study had
worked in the Beckley, West Virginia, area and died
during the 1960s. The data used to develop this model
include exposure to respirable coal mine dust by in-
tensity and duration within each job, lung and lymph
node dust burdens at autopsy, pathological classifica-
tion of fibrotic lung disease, and smoking history. Ini-
tial parameter estimates for this model were based
on both human and animal data of particle deposi-
tion and clearance and on the biological and physi-
cal factors influencing these processes. Parameter es-
timation and model fit to the data were determined
using least squares. Results show that the end-of-
life lung dust burdens in these coal miners were sub-
stantially higher than expected from first-order clear-
ance kinetics, yet lower than expected from the
overloading of alveolar clearance predicted from ro-
dent studies. The best-fitting and most parsimonious
model includes processes for first-order alveolar-
macrophage-mediated clearance and transfer of par-
ticles to the lung interstitium. These results are con-
sistent with the particle retention patterns observed
previously in the lungs of primates. The findings indi-
cate that rodent models extrapolated to humans, with-
out adjustment for the kinetic differences in particle
clearance and retention, would be inadequate for pre-
dicting lung dust burdens in humans. Also, this hu-
man lung Kinetic model predicts greater retained lung
dust burdens from occupational exposure than pre-

1 Affiliation at time of this study: College of Medicine, Department
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dicted from current human models based on lower ex-
posure data. This model is useful for risk assessment of
particle-induced lung diseases, by estimating equiva-
lent internal doses in rodents and humans and predict-
ing lung burdens in humans with occupational dust
eXposures. © 2001 Academic Press

INTRODUCTION

A biomathematical dosimetry model describes the re-
lationship between the external exposure and the inter-
nal dose. In this study, the model describes the relation-
ship between the respirable particles in the air a worker
breathes and the retained mass of particles in the lungs
and lung-associated (hilar) lymph nodes. Internal dose
estimates may better predict disease development than
external exposure estimates because of the interac-
tion between the contaminant and the target tissue.
If the relationship between external exposure and in-
ternal dose is not proportional (as in capacity-limited
metabolism or clearance), then exposure would be a
poor surrogate for internal dose. Rodent studies sug-
gest that particle clearance from the lungs can become
impaired due to overloading of alveolar-macrophage-
mediated clearance. If overloading occurs in humans,
then workers’ external exposures to particles may pro-
vide a poor estimate of their internal dose (i.e., lung dust
burden). Alternatively, if the Kinetic processes influenc-
ing particle disposition in the lungs of humans and ro-
dents are not related by a standard scaling factor (e.g.,
allometric), then the extrapolation of a rodent dosime-
try model to humans may provide a poor estimate of
the internal dose in humans at a given exposure. A hu-
man lung dosimetry model can be used to improve dose
estimation in either of these situations. It can be used
directly (without interspecies extrapolation) to predict
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human doses associated with given exposures. It also
provides a biological and empirical basis for determin-
ing equivalent doses across species, which should im-
prove the accuracy of estimating dose and disease risk
in humans.

Many biomathematical exposure—dose models for
particles have been developed using data from exper-
imental studies in rodents (e.g., Thomas, 1972; Vincent
et al., 1987; Strom et al., 1988; Yu et al., 1991; Stdber
etal., 1989; Bellmanetal., 1994; Katsnelson et al., 1994,
Tran et al., 1997). Some have also been extrapolated to
humans (Smith, 1985; Yuetal., 1991; Yu, 1996). Human
models have been developed by the ICRP (1994) and
NCRP (1997) to describe particle deposition, clearance,
and retention in the entire human respiratory tract.
Those models are based largely on experimental studies
in human using radiolabeled tracer particles. A portion
of these models describe particle deposition and clear-
ance in the gas-exchange region of the lungs, which is
the site of interest in this study. The ICRP model in-
cludes three first-order clearance compartments in the
alveolar/interstitial (Al) region; a fixed proportion of
respirable particles depositing in each compartment is
assigned (30, 60, and 10% for Al4, Al,, and Al3), and the
corresponding first-order clearance rate coefficients are
0.02,0.001, and 0.0001 day ™, respectively. The three Al
compartments do not directly reflect lung anatomy, but
are based on measurements of the activity remaining in
the lungs up to 1 year after inhalation of low-solubility,
radioactive particles. The NCRP model describes the
pulmonary region of the lungs as a single compartment
(first-order clearance rate coefficient 0.006 day * in the
first 200 days and 0.001 day_l thereafter). Both mod-
els include terms for particle transport to the tracheo-
bronchial region and translocation to the lymph node
compartments. In the ICRP model, lymph node trans-
fer occurs only from Aljs (first-order clearance rate co-
efficient 0.00002 day ). Faster lymph node transfer is
assumed in the NCRP model (first-order clearance rate
coefficient 0.0001 day?).

The human lung model developed in this study fo-
cuses on the gas-exchange region of the lungs, where
respirable particles (aerodynamic diameter <10 um)
can deposit. This model includes three compartments,
including alveolar, interstitial, and lung-associated
(hilar) lymph nodes (Fig. 1). It describes the Kinetics of
mass transfer of particles among these compartments.
A principal difference in this model compared to the
ICRP and NCRP models is that it treats the alveolar
and interstitial regions of the lung as separate compart-
ments, which reflects both the biological structure of the
lungs and the disposition of particles in these regions.
The biological events that occur in these compartments
are as follows.

When particles deposit in the alveolar region, the pri-
mary mechanism for particle clearance is phagocyto-
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FIG. 1. Three-compartment human lung dosimetry model. D,
dose rate of deposited particles; first-order rate coefficients include
alveolar-macrophage-mediated clearance of particles to the tracheo-
bronchial region (Ky), transfer of particles into the pulmonary inter-
stitium (K;), and translocation of particles to the hilar lymph nodes
(KLn); F is an exponential decay function that describes overload-
ing as a dose-dependent decline in Ky; and M is the particle mass
in a given lung region, including that cleared to the tracheobronchial
region (My), or retained in the alveolar (M,), interstitial (M), gas-
exchange (Mpy), or hilar lymph node (M_y) regions.

sis by alveolar macrophages. The macrophages trans-
port the particles to the tracheobronchi, where they
are removed from the lungs by mucociliary clearance
(Bohning and Lippmann, 1992). Particles may be
cleared from the tracheobronchi by cough, or they
may be swallowed and enter the gastrointestinal tract.
Phagocytosed particles may also remain in the alveolar
region, causing lysis of macrophages and contributing
to pulmonary inflammation (Newman, 1992). Particles
that escape alveolar-macrophage-mediated clearance
can penetrate the epithelial cell barrier (depending on
size) into the interstitium of the lungs, where they may
be very slowly cleared to the lung-associated lymph ves-
sels, which drain into the hilar lymph nodes (Leak,
1977). Particle transfer from the interstitium to the
lymph nodes occurs by engulfment of particles into pul-
monary lymphatic endothelial cells, where they enter
the lymphatic vessels as free particles, or by phagocy-
tosis and transfer by interstitial macrophages (Leak,
1977). Particles may also be transported to the lymph
nodes by alveolar macrophages (Newman, 1992). The
dosimetric model developed here describes the mass
transfer of particles among the lung and lymph node
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compartments. Material that is not cleared from the
lungs is retained and represents the particle burden at
any given time, which is a measure of internal dose.

This model was used to evaluate the biological pro-
cesses that may influence particle clearance and re-
tention in the lungs of humans. The direct use of
human data, when available, avoids the uncertainty
associated with interspecies extrapolation. It enables
comparison with animal models, which are more com-
monly used in risk assessment. Rodent studies have
shown that the chronic inhalation of various types of in-
soluble, respirable particles can lead to the impairment,
or overloading, of lung clearance (Le Bouffant, 1971;
Bolton et al., 1983; Wolff et al., 1987; Strom et al., 1988;
Bellmann et al., 1991; Muhle et al., 1998). In rats with
overloading doses, there is increased penetration of par-
ticles through the epithelium into the interstitium, as
well as increased transfer of particles to the lymph
nodes (Muhle et al., 1990). Pathological responses asso-
ciated with overloaded lung burdens in rats include per-
sistent inflammation, fibrosis, and lung tumors (Muhle
et al.,, 1991; Heinrich et al., 1995). It is not known
whether overloading of lung clearance occurs in hu-
mans and thus whether the findings from animal stud-
ies are predictive of exposure—dose relationships in
humans. It is also not known whether human disease
responses to respirable, insoluble particles are associ-
ated with overloading.

Another process that can result in higher lung dust
burdens than expected from first-order clearance is se-
questration, the retention of some portion of dust that
is unavailable for clearance (Soderholm, 1981). Seques-
tration may occur as a first-order process at any ex-
posure (Vincent et al., 1987; Jones et al., 1988b) or as a
consequence of the overloading of alveolar-macrophage-
mediated clearance (Tran et al., 1997; Stdber et al.,
1989). Thus, lung dust burdens that exceed the steady-
state burden expected with simple first-order clearance
could be due to sequestration, overloading, or a com-
bination of both processes. In this human dosimetric
lung model, the importance of these Kinetic processes
was explored and compared to the findings from the rat
studies. The hypotheses investigated in this study are
in humans with long-term occupational exposures to
respirable, insoluble particles, the end-of-life lung dust
burdens are best described by a model with (1) rodent-
based overloading of alveolar clearance, (2) sequestra-
tion of particles in the interstitium, or (3) a combination
of both processes.

METHODS

Data Description

The original data set is based on approximately 600
former coal miners who were autopsied at Beckley
Appalachian Regional Hospital in Beckley, West

Virginia, between 1959 and 1973. These cases were
collected systematically from consecutive autopsies by
the late Werner Laqueur, M.D. A subgroup of 430 min-
ers was analyzed previously, and results were reported
on agreement of fibrosis determinations from radio-
graphic and pathologic examination (Attfield et al.,
1994; Vallyathan et al., 1996). The miners included in
this study are from the subgroup of 141 miners with
lung dust burden data. These miners had died during
1962 to 1968, and lung tissue samples were collected
and analyzed sequentially. Whole lung serial sections
were used for pathologic evaluation of the disease type
and severity of pneumoconioses, emphysema, and lung
cancer (Vallyathan et al., 1996). The percentage (g/100
g dry lung tissue) and composition (coal, noncoal, silica,
and total) of dust in the lungs were determined in lab-
oratory analyses of the lung tissue (Crable et al., 1967,
1968; Carlbergetal., 1971; Sweetetal., 1974), described
below. For 58 of these miners, data on the percentage
and composition of dust in the hilar lymph nodes were
also available.

A gravimetric method was used to determine the con-
centrations of coal, noncoal, and total dust (Crable et al.,
1967, 1968). Digestion and washing procedures were
used to remove the lung tissue, leaving the particu-
late matter as a residue. This residue was then dried
at 110°C to a constant weight, which represented the
total mass of dust in the tissue sample, and then ashed
at 380°C. The amount of coal dust was determined as
the mass lost during ashing, while the noncoal mass was
that portion remaining after ashing. The silica content
in the noncoal fraction was determined by X-ray diffrac-
tion or spectrophotometric methods (Carlberg et al.,
1971; Sweet et al., 1974) (silica data are available for
110 of the 131 miners). The resulting dust burdens were
expressed as mass concentration (g dust/100 g dry tis-
sue). For the dosimetric modeling, the dust burden in
the whole lung was needed. Thus, to compute this from
the mass concentration data available, estimates of the
lung weights were needed. The whole lung wet weights
were available, but this information was not used be-
cause those values are greatly influenced by the cause
of death and the time between death and autopsy. Ide-
ally, one would want the whole lung dry weights, but
these data were not available. Therefore, the standard
reference value of 1000 g for the lung wet weight was
assumed, and the dry lung tissue weight was assumed
to the standard be 20% of the wet tissue weight (ICRP,
1975). Some height and weight data were available (for
about half of the miners), but this information was not
used to adjust lung weight because it was incomplete
and because these factors were considered to have less
influence on lung weight than fibrosis, which fills in
lung air spaces and is more dense than normal lung tis-
sue. To determine the possible influence of using a stan-
dard lung weight, an analysis was done later to com-
pare the fit of the dosimetry model among miners with
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severe fibrosis (progressive massive fibrosis or PMF) to
the model fit among the other miners (see Results). The
data available on the lymph node dust burdens were
also expressed as mass concentration (mg/g dry tissue).
A standard reference value of 15 g was assumed for
the wet weight of the hilar lymph nodes (ICRP, 1975).
This standard value was used for miners with normal,
unenlarged nodes, but most of the coal miners in this
study had recorded enlargement of hilar lymph nodes.
For those miners, the lymph nodes were assumed to
be five times the normal size, an estimate based on
observations during the pathological examinations of
these coal miners by two coauthors (F.H.Y.G. and V.V.).
No published data were found on the dry-to-wet tissue
weights for hilar lymph nodes; however, a value of 33%
dry tissue weight was assumed based on unpublished
data from pathological examinations of coal miners by
coauthors F.H.Y.G. and V.V. For the dosimetry model-
ing, the mass concentration values for lung and lymph
nodes were converted to total mass of particles (mg) in
the whole organ, and results are reported as total par-
ticle mass in grams (g).

Occupational histories had been obtained previously
from a standardized questionnaire sent to the next-of-
kin soon after the miner’'s death, from clinical records,
and from coal mine company records (Vallyathan et al.,
1996). These data include date of first employment in
mining, job titles and dates worked, dates unemployed
and/or employed in nonmining jobs, date of retirement,
and total number of years in mining. Working lifetime
exposure to respirable coal mine dust was estimated for
each miner using the individual’s work history data and
job-specific estimates of the mean airborne dust con-
centration. These measurements of the airborne dust
concentration were taken during a sampling survey
by the former U.S. Bureau of Mines (BOM) during
1968 and 1969 in 29 underground coal mines through-
out the United States (Jacobson, 1971). Approximately
4300 gravimetric samples of airborne respirable dust
were collected. These BOM data include samples for
at least 10 shifts for certain jobs (e.g., coal face jobs),
but fewer or no samples for other underground or sur-
face jobs. For those jobs, the mean concentrations es-
timates were based on samples collected from 1970 to
1972 by mine operators as part of a mandated sampling
program administered by the Mine Safety and Health
Administration (MSHA) (Attfield and Morring, 1992).
The mass median aerodynamic diameter (MMAD) of
the respirable coal mine dust is approximately 5 um
(SD 2.1 um) (Jones et al., 1988a; Burkhart et al., 1987).
The particle size distributions in U.S. mines were shown
to not vary significantly across jobs or mining meth-
ods, although mine-to-mine differences were observed
(Seixas et al., 1995). These findings suggest that for
miners with the same estimated airborne exposure, the
fractional deposition of particles in their lungs would
be similar, even if they worked in different types of jobs

or with different mining methods (which have changed
over time). Assuming miners worked in various mines
throughout their careers, the mine-to-mine differences
could contribute to variability to the exposure—dose re-
lationships.

The minimum data required for inclusion of a miner
in this study were lung dust burden, duration of em-
ployment in mining, at least one mining job title (to as-
sign intensity of exposure), and pathological grading of
fibrosis. Of the 141 miners with lung dust burden data,
131 had sufficient data for inclusion in this study. Of the
131 miners, 58 also had hilar lymph node dust burden
data. Additional data required for the dosimetric model-
ing were the dates and/or ages at retirement and death
(needed to compute the postexposure duration). Three
of the 131 miners did not have this additional data (1 of
whom did have hilar lymph node data) and were omit-
ted from the model calibration. Thus, 128 and 57 miners
were used in the modeling. When the calibrated model
was used for prediction of lung and lymph node burdens,
those 3 miners were included by assuming they had the
postexposure duration equal to the mean values for the
whole group.

Model Development

As part of the early model development, a one-
compartment model was constructed because it is the
simplest model for describing particle retention in the
lungs (Kuempel, 2000). In that model clearance was
described by a single rate coefficient, with alveolar
macrophage-mediated clearance and translocation to
the lymph nodes combined. Model forms with either
linear or dose-dependent clearance were evaluated.
After determining that the one-compartment model
was inadequate to describe the particle clearance and
retention in these coal miners, we developed a three-
compartment lung model (Fig. 1). This model includes
two lung compartments (alveolar and interstitial) and
a lung-associated lymph node compartment. The main
principles guiding the development of this model were
biological plausibility and parsimony. Three compart-
ments is the minimum number compatible with what
is known about the mechanisms of clearance and re-
tention of inhaled respirable particles. A description of
the model parameters is provided in Table 1. The input
for this dosimetric model is the individual miners’ work
history data (including intensity and duration of expo-
sure in each job and duration not employed in mining
or retired). The model output is predicted particle mass
burden in the lungs and lymph nodes as a function of
time.

The model was developed using the software
Advanced Continuous Simulation Language (ACSL,
1995). The mass balance (input minus output) was eval-
uated and determined to be acceptable (i.e., virtually
zero) before proceeding with model calibration, in which
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TABLE 1
Description of Variables and Constants in
Three-Compartment Human Lung Dosimetry Model

Abbreviation Units Description

5] None Fractional deposition of airborne
respirable dust in alveolar region

Vi m3/day Volume of air inhaled in an 8-h day,
heavy work

d Daysl/year Days exposed/year

C mg/m3 Mean concentration of respirable coal
mine dust inhaled, by job2

D Years Duration of exposure, by job?

Kt Day ! Rate coefficient, alveolar-macrophage-
mediated clearance to tracheobronchi

K, Day ! Rate coefficient, transfer from alveoli
to interstitium

KN Day ! Rate coefficient, translocation from
interstitium to hilar lymph nodes

F None Exponential decay function, does-
dependent reduction in Ky

B None Slope modifier of F

C None Shape modifier of F

Mmin mg Minimum lung dust burden associated
with beginning of dose-dependent
decline in Kt

Mmax mg Maximum lung dust burden associated

with leveling off of dose-dependent
decline in Kt

a Individual work history data for each miner (input data).

the optimum parameter values were determined. The
model was calibrated using the coal miner data de-
scribed above. These data were initially divided into two
groups, one group for developing the model (two-thirds
of the data, n=87) and the other for testing it (one-
third of the data, n=44), using stratified random data
allocation (RANUNI function, SAS, 1996). The strata
were based on smoking status and cumulative expo-
sure, both of which were expected a priori to influence
particle clearance and retention. Following model cali-
bration, the model was tested using the reserved data.
Then, all the data were combined (n=131) to generate
model predictions of lung and lymph node dust burdens
and to do residuals analysis of the model fit to the data.

A subgroup of miners (n=11) whose post-exposure
duration was equal to zero (because they died while em-
ployed as coal miners) was evaluated separately. Eval-
uating the model fit to these miners’ data provides in-
formation on the buildup of dust in the lungs without
the additional unknown of clearance during the postex-
posure (retirement) period. The model fits and parame-
ter values for these miners were compared to those for
miners who had both exposure and postexposure expe-
rience.

Model Equations and Description

The equations for the three-compartment human
lung model are provided below. The model describes the

kinetics of particle mass transfer in the lungs. Mathe-
matically, it consists of a series of nonlinear differential
equations that are integrated over time to predict in-
dividuals’ lung and lymph node particle burdens. The
sources and values of the initial parameter values are
described in the section “Model-Fitting and Parameter
Estimation.”

The rate of change of particle mass in the alveoli (Ma)
at any time (t) is defined as

dMn/dt = Rp — Rr — R, 1)

where Rp is the deposition rate (mg/year) of inhaled,
respirable particles into the alveoli (described in Eqg. 2).
Ry is the clearance rate (mg/year) of particles from the
alveoli to the tracheobronchi (Eq. 3). R, is the trans-
fer rate (mg/year) of particles from the alveoli into the
interstitium (Eq. 5).

Ro=F xC; xV, xd, (2)

where Fp is the fractional deposition (fraction of the in-
haled particle mass that is deposited in the alveolar re-
gion of the lungs, C, is the airborne concentration of dust
inhaled (mg/m?3), V, is the volume of air inhaled in an 8-
h workday (m3/day), and d is the days worked per year
(days/year) (estimated as 5 days/week x 50 weeks/year).

Rr = Kt x 365 x F x Ma, ©)

where Ky is the first-order rate coefficient (day‘l)
for particle clearance from the alveoli to the
tracheobronchi. My is defined in Eq. (1), 365 is the days
per year to convert Ry to units of year—!, and F is de-
fined in Eq. (4).

F=1 when Ma < Mnin (4a)
F= eXp{_B[(MA - Mmin)/(Mmax - Mmin)]c}
when Ma > Muin. (4b)

F is a dose-dependent modifying factor of Kt. Muyin and
Mmax are constants representing the human-equivalent
minimum and maximum critical lung dust burdens at
which the dose-dependent decline in the alveolar clear-
ance rate coefficient begins and reaches a maximum,
respectively, as predicted from rodent studies (see next
section); My is defined in Eq. (1). When My < Mnin, F
is set equal to 1; when My > Mpin, F equals a value
(between 0 and 1) that is determined by B. C is a shape
parameter (set to 1 in this model).

R| = K| x 365 x MA, (5)

where K, is the first-order rate coefficient (day‘l)
for transfer of particles from the interstitium to the
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lung-associated (hilar) lymph nodes. M, is defined in
Eqg. (1), and 365 converts R, to units of year~!. The rate
of change of particle mass in the interstitium (M,) at
any time (t) is defined as

dMy/dt = R — Ruw, (6)

where R, is defined in Egs. (1) and (5). Ry is the
translocation rate (mg/year) of particles from the inter-
stitium to the lung-associated (hilar) lymph nodes, as
follows:

Rin = Kin x 365 x M, (7)

where K|\ is the first-order rate coefficient (day_l) for
translocation of particles from the interstitium to the
hilar lymph nodes. M, is defined in Eqg. (6), and 365
converts R,y to units of year—!.

The rate of change of particle mass in the hilar lymph
nodes (M) at any time (t) is defined as

dM_n/dt = Rep, (8)

where Ry is defined in Eq. (7).

The mass of particles at time (T) in any compartment
is determined from the integral of the rate of change of
particle mass in that compartment:

Alveoli:
T
MA(T) = [ (R~ Rr — R)dt ©)
Interstitium:
T

MM = [ R R (10)

Hilar lymph nodes:
-
M) = [ (Ru et (12)

where integration occurs from time 0 to t, and the terms
of Eqgs. (9)—(11) are described in Egs. (1)—(8).

For clarity of the model comparisons, we also describe
the preliminary one-compartment model. It is a simpli-
fication of the three-compartment model and has some
common features. Essentially, the three-compartment
model reduces to the one-compartment lung model
when K| is set to zero. In the one-compartment model,
Eg. (1) simplifies to

dM_/dt = Rp — R, 12)

where M_ is the particle mass in the whole lungs, Ry
was defined in Eqg. (1), and R is the total clearance
rate (mg/year), i.e., clearance from the alveoli to the
tracheobronchi and lung-associated lymph nodes.

Equations (2)-(4b) are identical in the one-
compartment model, except that M_ is substituted
for Ma and K¢ and Rc are substituted for Kt and Ry.
Equations (5)—(8) are omitted. Equation (9) simplifies
to the following, and Egs. (10) and (11) are omitted:

.
ML(T) /O (Ro — Re) dt, (13)

where the terms are described in Egs. (1) and (12).
The mathematical equations in the three-compart-
ment model better reflect the biological structures and
kinetic processes in human lungs which influence res-
pirable particle clearance and retention. The accumula-
tion of dust in the alveolar compartment is determined
by rates of particle deposition, alveolar-macrophage-
mediated clearance, and transfer of particles into the
interstitium (Eqg. (1)). The deposition of particles in the
alveolar compartment is assumed to occur at a rate
proportional to the concentration in inhaled air, i.e., a
first-order process (Eq. (2)). Once deposited in the alve-
olar compartment, particles are coated by lung fluid
(lipid surfactant) and rapidly phagocytosed by alveo-
lar macrophages (Bohning and Lippmann, 1992). The
presence of foreign material stimulates the recruit-
ment of additional macrophages, which are derived
from monocytes in the bone marrow and enter the lung
interstitium through the blood; macrophages mature
in the interstitium and then move out onto the alveo-
lar surface (Bohning and Lippmann, 1992). Although
the macrophage recruitment rate would be important
for describing clearance of particles in short-term ex-
posures, it was not considered in this model because
all of the miners had long-term exposures (mean dura-
tion of 36 years), and it was therefore assumed that a
steady-state alveolar macrophage cell population would
have been achieved. This model describes alveolar-
macrophage-mediated clearance as a first-order process
at lung burdens below those potentially causing impair-
ment of clearance (Eqg. (3)). At higher lung dust burdens,
alveolar-macrophage-mediated clearance can be de-
scribed as dose-dependent, declining exponentially (Eqg.
(4)). The model also assumes that some particles will es-
cape phagocytosis by alveolar macrophages and enter
the interstitium at a constant rate (Eqg. (5)); this will oc-
cur even at low lung dust burdens, below the estimated
human-equivalent dose associated with overloading of
alveolar clearance. This assumption of a first-order pro-
cess for interstitialization is evaluated in the next paper
(this journal; Kuempel et al., 2001). The accumulation
of dust in the interstitium is described by the differ-
ence in the rates of particles entering from the alveoli
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and particles leaving to the lung-associated lymph
nodes (Eq. (6)). The rate of particle translocation to the
lymph nodes is also assumed to be first-order (Eq. (7)),
and the accumulation of particles in the lymph nodes
occurs only by particles passing through the intersti-
tium (Eg. (8)). The rate coefficients for these processes
are estimated by the model-fitting and parameter es-
timation, as reported under Results. The model equa-
tions also enable prediction of the amount of dust in the
lung and lymph node compartments at any point in time

(Egs. (9)-(11)).
Human-Equivalent Critical Lung Dust Burdens

Overloading of alveolar clearance is expressed
above as a dose-dependent exponential decay function
(Eq. (4)), which modifies the first-order alveolar clear-
ance rate coefficient (Kt). The basis for this expression
is the studies of rodents exposed to various poorly sol-
uble, respirable particles. These studies show that as
the lung particle burden increases, the clearance rate
coefficient declines (Fig. 2 of Bellmann et al., 1991).
These results of the lung dust burdens associated with
overloading of alveolar clearance in rats are used to es-
timate the equivalent lung dust burdens in humans.
These calculations account for interspecies differences
in the number and volume of macrophages, as well as
differences in the density of particles used in the rat
studies and the density of respirable coal mine dust.
These human-equivalent critical lung dust burdens pro-
vide a basis for comparing the extent of overloading
of alveolar-macrophage-mediated clearance in rodents
and humans.

Critical lung dust burdens in rats. Bellmann et al.
(1991) show that the alveolar clearance rate coefficient
decreases with increasing lung dust burden in rats ex-
posed to various types of inhaled particles. When the
lung dust burden exceeds approximately 100 ng (equiv-
alent to 100 nl for unit density dust), the rate coefficient
begins to decline. When the lung dust burden reaches
approximately 10,000 g, the clearance rate coefficient
has declined to approximately 10% of its initial value.
For unit density dust (1 g/ml), the retained mass (1Q) is
equal to the retained volume (nl).

The volumetric overload hypothesis of Morrow (1988,
1992) was used to describe overloading in rats, and an
equivalent description was used for humans. Morrow
(1988) hypothesized that alveolar macrophages have a
volumetric limit for particle engulfment, above which
macrophage mobility begins to progressively decline,
until both mobility and clearance essentially cease.
Support for this volumetric overload hypothesis was re-
ported by Oberdorster et al. (1992), in which increased
retention times were observed for larger (10.3 um
diameter) compared to smaller (3.3 xm) radiolabled
microspheres. Morrow (1988) provided estimates of the
average volume of dust associated with overloading

TABLE 2
Average Number and Volume of Alveolar
Macrophages (AM) in the Lungs of Humans and Rats

Volume of Number of Volume of Volume of
single AMs AM pool AM pool
AM (um3) in lungs (um?3)2 (nhP
Human 25004 7.0x10%¢  175x 108  1.75x 107
Rat 1000¢ 2.6 x 1079 2.6 x 1010 2.6 x 10*

2 Computed as (volume of single AM) x (total number of AM).

b Computed as volume of AM pool (um3) x (1cm3/1 x 10%2,m3)
(2 ml/em3)(1 x 108 nl/ml).

¢ Oberdorster (1995), who cites Crapo et al. (1983) and Dethloff and
Lehnert (1988).

d Other values reported for AM cell volume in humans: 3195 um?3
(males) (Lapp et al., 1991) and 1474 umS(males and females)
(Stone et al., 1992).

€ Other values reported for AM number in humans (males and fe-
male): 6.0 x 10° (Stone et al., 1992) and 2.3 x 101 (Crapo et al., 1982).

f Other values reported for AM cell volume in rats (male): 1525 m?3
(Long—Evans hooded) (Castranovaetal., 1979); 639 .um?3 (Fischer 344)
and 1,058 um3 (Sprague-Dawley) (Crapo et al., 1983; Stone et al.,
1992).

9 Other values reported for AM number in rats (male): 2.7 x 107
(Fischer 344) and 2.9 x 107 (Sprague—Dawley) (Crapo et al., 1983;
Stone et al., 1992); 1.3 x 107 (Fischer 344) (Lehnert et al., 1985); and
2.1 x 107 (Long—Evans hooded) (Lehnert and Morrow 1985).

from data on the lung dust burden (mass), the density of
the dust, and the average number and volume of alve-
olar macrophages in rat lungs. A similar approach is
described here. Table 2 provides values for the num-
ber and volume of alveolar macrophages in the lungs
of humans and rats. At the 100-nl minimum critical
lung dust burden in rats, 0.4% is the average percentage
of macrophage volume filled with dust of unit density
(100 nl/2.6 x 10* nl). This represents the average
volume of dust in a macrophage when clearance be-
gins to slow down. It is much lower than the 6% aver-
age alveolar macrophage (AM) volume estimated
by Morrow (1988) for unit density dust. The value
of 6% is equivalent to 1560 nl (0.06 x 2.6 x 10* nl),
and Fig. 2 from Bellmann et al. (1991) clearly shows
that at 1500 nl (or 1500 pg for unit density dust),
the clearance rate coefficient has already declined to
approximately 0.0045 or 41% of its initial value. By
similar calculations, the maximum critical lung dust
burden in rats is estimated to be 40% of the alveo-
lar macrophage volume. This value is much closer to
the 60% reported by Morrow (1988). The values of 40
to 60% correspond to retained lung dust burdens of
10,000 and 15,000 ug, respectively, the region where
k appears to reach a minimum constant value (in Fig. 2
of Bellmann et al. (1991)). Table 3 includes the val-
ues used in computing the critical lung dust burdens
in rats.

Critical lung dust burdens in humans. The criti-
cal lung dust burdens in humans are computed by
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TABLE 3
Values Used in Computing the Minimum (My,i,) and
Maximum (Mmax) Critical Lung Dust Burdens in Hu-
mans and Rats

Average Lung dust
Critical volume  percentage Average concentration
or mass of of AM weight of  (mg/g wet
dust in AM2P dust-filled lungs (g) tissue)
Rats 15
Mnin 100 nl 0.4 0.07
Mmax 10,000 nl 40 6.7
Humans 1000
Mmin 105 mg 0.4 0.105
Mmax 10,500 mg 40 10.5

a Estimated from Fig. 2 in Bellmann et al. (1991).

b For rats, critical volumes and lung dust concentrations are com-
puted for unit density dust. For humans, critical masses and dust
concentrations are computed for coal dust with a density of 1.5 g/ml.

assuming the same average volume of dust as in rat
alveolar macrophages associated with overloading. Dif-
ferent values for the mass of human lungs, the alveolar
macrophage number and volume in humans, and the
density of respirable coal mine dust were used in these
calculations (Tables 2 and 3). In humans, the equiva-
lent minimum critical lung dust burden as a volume is
calculated to be 0.07 ml (0.004 x 1.75 x 10" nl x 1 ml/
108 nl) for unit density dust. The density of coal dust
in the which miners in this study were exposed was
calculated to be p=1.5 (Kuempel, 1997). Thus, the

human-equivalent minimum critical lung dust burden
in these miners is estimated to be 105 mg (0.07 ml x
1.5 g/ml x 1000 mg/g). By similar computation, the
human-equivalent maximum critical lung dust burden
for coal dust is estimated to be 10,500 mg.

Model-Fitting and Parameter Estimation

Initial model parameter values were based on data
available in the literature. Some of these parame-
ters were fixed, while others were allowed to vary
to optimize the model fit to the data. The fixed val-
ues include fractional deposition (Fp) in the alveolar
region of the lungs for particles with mass median aero-
dynamic diameter of 5 um, assuming mouth breath-
ing at inhalation rate of 1.7 mé/hr (ICRP, 1994); the
volume of air inhaled (V) in an 8-h workday (m3/day),
for heavy work, defined as 7 h of light exercise and 1 h of
heavy exercise, for a reference worker (Caucasian, age
30 years, height 176 cm, weight 73 kg) (ICRP, 1994));
and dis the days worked per year (days/year) (estimated
as 5 days/week x 50 weeks/year). The fixed parameters
in the expression describing the overloading of alveo-
lar clearance include the estimated human-equivalent
lung dust burdens associated with the beginning of de-
cline in the alveolar clearance rate coefficient and the
leveling-off of that decline (Mninand Mp,a«, respectively,
in Eqg. (4) above).

The parameter values that were allowed to vary in
optimizing the fit of the model to the data are provided
in Table 4. Because a primary objective was to evaluate

TABLE 4
Description of Initial Values Rate Coefficients for Clearance and Retention Allowed to Vary in
Optimising Fit of the Three-Compartment Human Lung Dosimetry Model to the Coal Miner Data

Abbreviation? Range evaluated

Source of values

Freedman and Robinson (1988), 1.98 x 10~* day‘1 (t12 = 3501 days) in

coal miners (half this value was also evaluated); Bohning et al. (1982),
2.0 x 1073 day~! (t;,, = 296 days); Bailey et al. (1985), 1 x 103 day~!
(t1/2 = 693 days) and 4 x 1073 day~?! (t;,» = 173 days).

Values estimated from modeling of rat data (following values evaluated

and a factor of 10 lower for estimated human equivalency): Kuempel
(1997), Appendix K, 3 x 10~% and 2 x 10~3 day ! in three-compartment
rat model reduced from nine-compartment rat model (Tran et al., 1997);
Stober et al. (1989) and Tran et al. (1997), 3 x 1072 day 1.

Kt 1 x 107%-4 x 1073 (day 1)
K| 3 x 1075-3 x 1072 (day 1)
Kin 5x 1076-5 x 1073 (day 1)

Values estimated from modeling of rat data (following values evaluated

and a factor of 10 lower for estimated human equivalency): Cuddihy
et al. (1979) and Thomas (1972), 1 x 10~4 day ! (half this value was
also evaluated); Snipes et al. (1983), 2 x 10~* day—1; Kuempel (1997),
Appendix K, 4 x 1073 day~! in three-compartment rat model reduced
from nine-compartment rat model (Tran et al., 1997); Stober et al.
(1989) and Tran et al. (1997), 5 x 103 day 1.

B 1x1074-23

Associated with 0.01 to 90% reduction in the initial value of Kt at Mmax,2

based on a human-equivalent expression for the overloading of
alveolar-macrophage-mediated clearance observed in rodent studies
(Bellmann et al., 1991).°

2 Defined in Table 1.

b Derivation of human-equivalent values from rodent data provided under Methods.
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clearance kinetics of particles in humans, including the
possibility of overloading of alveolar clearance as ob-
served in rodents, the deposition parameters were fixed
at the average human values in the literature, and the
clearance parameters were iteratively varied to deter-
mine the best fit of the model to the data. A systematic
grid search approach was used to determine the param-
eter values that provided the best fit of the model to the
data. Biologically plausible ranges in which to search
for alternatives to the initial parameter values were
also based on data from the literature (Table 4). The rate
coefficients for the alveolar macrophage-medicated, in-
terstitial, and lymph node rate compartments were var-
ied first, and then overloading (dose-dependent decline
in alveolar-macrophage-mediated clearance) of differ-
ent amounts was evaluated. The slope factor (B) for
the exponential decay function (F, Eqg. (4)) was set
at values associated with specified levels of overload-
ing. In the “no overload” model, the value for B was
set to 0.0001, which gives a value of F=0.9999 when
Ma = Mnax (10.5 g); thus, the first-order clearance rate
coefficient (Ky) retains 99.99% of its initial value at
that lung dust burden. Likewise, the “50% overload”
model is determined by assuming B = 0.69, which leads
to F = 050 at My = Mnmnax, and Kt reduced to 50%
of its initial value. The “90% overload” model has B =
2.3, resulting in F = 0.10 at My,5x, and Ky reduced by
90%. In fitting the overload models, the parameter val-
ues for first-order alveolar clearance and transfer to
the interstitium and the lymph nodes were allowed to
vary to optimize the fit to the overload model structure.
Given the likelihood that there is a distribution of val-
ues for these parameters in the population and that
alternative values may also provide reasonable fit to
the group data, we did not restrict the “overload” model
to the original parameter set. Thus, this approach en-
hanced the possibility of detecting an overload effect in
these human data. In the second paper (this journal;
Kuempel et al., 2001), we explore the sensitivity of the
model predictions to alternative parameter values.

Using the individual miners’ work history data,
the model-predicted lung and lymph node dust bur-
dens were generated for a given set of parameter val-
ues. These predicted burdens were quantitatively com-
pared to the observed burdens by computing the mean
squared error (MSE) of the observed burdens. The MSE
is a least squares criterion and a well-known method
of fitting models to normally distributed data (Neter
et al., 1989). The assumption of normality was exam-
ined previously and found to be reasonable (Kuempel,
1997). The MSE, which was computed separately for
the lung and lymph node dust burdens in this study, is
defined as

MSE = E(Burobs - Burpred)2
n 1

where Burg,s and Buryeg are the observed and pre-
dicted dust burdens, respectively, in either the lungs
or the hilar lymph nodes, and nis the sample size of the
data.

Model fitting was considered complete when the
MSEs for the lungs and lymph nodes improved less than
1% compared to the previous parameter values. The
set of parameter values that minimized the MSE was
considered to be optimal. Residual analyses were used
to evaluate variability and bias in the model-predicted
lung dust burdens, among all miners and within groups
of miners with differences in factors that may influ-
ence the retention of dust in the lungs (e.g., cumu-
lative exposure, smoking history, and disease status).
These residuals were plotted for evaluation of trends,
and Bartlett’s test for homogeneity of variance was per-
formed for each of those factors. The best-fitting model
was used to generate predicted lung and lymph node
dust burdens for each individual.

RESULTS

Characteristics of the miners in this study (n = 131)
are given in Table 5. The mean concentration of total
dust (i.e., coal, noncoal, and silica) in miners’ lungs was
13.8 mg/g wet tissue. Assuming an average lung weight
of 1000 g, this is equivalent to a mean particle mass bur-
den of 13.8 g in the whole lungs. The dust burdens in
these miners’ lungs ranged from 2.6 to 36 g. Most of
the miners were smokers (69%). On average, the ever
smokers had lower cumulative exposures to respirable
coal mine dust (due to shorter duration, with similar in-
tensity of exposure), retired earlier, and died at younger
ages than did the never smokers. Coal dust lung bur-
denwas statistically significantly lower among smokers
than nonsmokers (P < 0.01), although noncoal, silica,
and total dust lung burden were not (all P values >
0.1). Disease response was high in the entire cohort.
Just 3% (4/131) of the miners had no fibrosis, and 16%
(21/131) had macules of slight severity only. Differences
in pathological responses between the ever smokers
and the never smokers were not statistically significant
(P values =0.09-0.7).

The preliminary one-compartment lung model was
found to be inadequate to describe the end-of-life lung
dust burdens in these miners. The simple, first-order
model with the clearance rate coefficient from human
data in the literature (Bailey et al., 1985) provided
poor fit to these coal miner data; this rate coefficient
of 1 x 10~ corresponds to a retention half-time of
693 days. That model underestimated substantially the
lung dust burden (in g), and the MSE for that model
was 238 in the data that was randomly selected to
develop (or calibrate) the dosimetry model. Reducing
that clearance rate coefficient to 1.3 x 10~ (correspond-
ing to a retention half-time of 5330 days) substantially
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TABLE 5
Characteristics of Autopsy Study Population of U.S. Miners?
Smokers Nonsmokers Whole cohort Lymph node
Variable (units) (n=91) (n=24) (n=131) subset (n=57)
Mean (SD)
Age(years)
Start of mining 20 (7.1) 20 (8.3) 21 (7.8) 19.8 (6.4)
Retirement 56 (7.4) 61 (6.9) 57 (7.3) 56.9 (7.4)
Death 66 (9.4) 74 (9.0) 67 (9.8) 66.3 (9.2)
Exposure to respirable coal mine dust
Cumulative (mg-year/m3) 108.4 (42.7) 122.1 (49.0) 107.8 (43.4) 112.7 (45.4)
Duration (years) 36.2 (9.6) 40.8 (10.6) 36.0 (10.0) 36.3(9.1)
Intensity (mg/m?3) 3.0(0.9) 2.9 (0.6) 3.0(0.8) 3.1(1.0)
Postexposure duration (years) 9.8 (6.5) 12.8 (6.7) 10.3 (6.7) 9.4 (5.8)
Total dust burden ()
Lungs 13.5(8.0) 16.4 (8.5) 13.8 (8.0) 15.0 (8.4)
Hilar lymph nodes® 1.46 (1.1) 2.06 (1.1) NA 157 (1.1)
Percentage (count)
Pathological response®
No disease 1(1) 8(2) 3(4) 2()
Macules 87 (79) 83 (20) 84 (110) 82 (47)
Micronodules 79 (72) 75 (18) 77 (101) 79 (45)
Macronodules 42 (38) 58 (14) 47 (61) 47 (27)
PMF 24 (22) 42 (10) 30 (39) 32 (18)
Race (%)
White 73 (66) 46 (11) 66 (86) 70 (40)
Black 25 (23) 54 (13) 31 (41) 28 (16)
Other 2(2) 0(0) 3(4) 2(1)

a2 0f the 131 miners in the study, 16 miners had unknown smoking status; 58 miners had lymph node dust burden data, of which 46 were
smokers, 10 were nonsmokers, and 2 had unknown smoking status (one miner had missing data for the postexposure duration and was

omitted from the lymph node subset).

b Data on particle mass burden in the hilar lymph nodes were available only for the miners included in the lymph node subset.
¢ Macules, moderate severity or greater; micronodules, macronodules, and PMF, slight severity or greater; details of disease pathological
classification provided in Vallyathan et al. (1996) and Green and Laqueur (1980).

improved the model fit (MSE = 100). However, that
model structure was inadequate because it predicted
that approximately 40% of the dust in miners’ lungs at
retirement would be cleared by the time of death. This
is inconsistent with a previous finding in these data of
no measurable postexposure dust clearance (Kuempel
et al., 1997) and little or no clearance observed during
retirement in another study of coal miners (Freedman
and Robinson, 1988). The one-compartment model with
overloading of lung clearance was also inadequate to
fit these data. The rodent-based 90% overload model
overpredicted the lung dust burdens in these miners,
and this overprediction increased with increasing cu-
mulative exposure. The MSE for the 90% overload
model was 860, and the MSE for the 50% overload
model was 295. Similar model results were obtained
among the 11 miners who died while employed as coal
miners.

These results show that although the simple, first-
order model substantially underpredicts these miners’
lung dust burdens, the rodent-based overload model
substantially and systematically overpredicts their
lung burdens. Further, the one-compartment model

structure is inadequate to describe the pattern of dust
retention observed in previous studies and to predict
these miners’ end-of-life lung dust burdens. The three-
compartment model was therefore developed because
of these results indicating the need for a sequestration
process to explain the higher lung burdens at low ex-
posures. The three-compartment model structure also
better reflects the biological structure of the lungs, as
described earlier.

The three-compartment model that provides the
best fit to these data has no overloading of alveolar-
macrophage-mediated clearance (lowest MSE in
Table 6 and generally in Table 7). The improved fit of
the three-compartment model compared to the one-
compartment model was highly statistically significant
for both the no-overload and the overload forms (P
values < 0.0001). This was determined in an F test
(Jennrich and Ralston, 1979) of whether the additional
model parameters in the three-compartment model
significantly improved the fit to the data. In the three-
compartment model, the model form with 50% overload
provided nearly as good a fit as the no-overload model,
using the approach of allowing the parameter values
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TABLE 6
Comparison of the Fit of the Three-Compartment Lung Dosimetry Models, with Different
Degrees of Overloading, in the Development and Test Data Sets

Mean squared error for lung dust burden (g)

Ever smokers

Never smokers

Degree of overloading Development

Test data set

Development Test data set

of alveolar clearance data set (n=69)2 (n=35)° data set (n=16) (n=28)
No overloading 72 75 108 101
50% overloading 78 76 111 105
90% overloading 294 102 260 126

2Two of the 71 miners were omitted due to incomplete data for determining postexposure duration (i.e., time between

leaving mining and death).

b One of the 36 miners was omitted due to incomplete data for determining postexposure duration.

for alveolar clearance and interstitialization to vary
to accommodate the dose-dependent decline. Although
the MSEs were only slightly lower (indicating better
model fit) in the no-overload model compared to the
50% overload model, this difference was statistically
significant among smokers (P =0.02) but not among
nonsmokers (P =0.4) (Table 6). However, even with
allowing adjustment of alveolar and interstitial pa-
rameters, the 90% overload model was a poor fit.
Compared to the 90% overload model, the improved
fit of the no-overload model was highly statistically
significant among both smokers (P values < 0.0001)
and nonsmokers (P =0.0005). In the data reserved
to test the models, the same patterns were observed,
although the contrast is less (Table 6).

The best-fitting parameter values for each of these
models are shown in Table 7, among all miners
(n=131), miners with hilar lymph node data (n=57),
and miners with no postexposure time (n=11). Because
the no-overload three-compartment model with inter-
stitialization was the simplest model that provided the
best fit to the data, this model was selected as the best
model. The fit of this model is illustrated in Figs. 2a
(lung dust burden data) and 2b (lymph node burden
data) among miners within tertiles of exposure to res-
pirable coal mine dust. The miners in these tertiles
had a mean of 25, 36, and 46 years of exposure in
the low, medium, and high tertiles, respectively. The
data of individuals who died while employed as min-
ers are also shown; these miners had a mean 30 years
of exposure. The mean intensity of exposure was ap-
proximately 3 mg/m® among miners in each of these
groups. The actual model fitting was done by inputting
each miner’s individual work history data and predict-
ing individuals’ lung and lymph node dust burdens.
In Fig. 2, the mean values for miners in each tertile
were used to illustrate the model predictions for these
groups; these mean values included duration and inten-
sity of exposure and ages of starting work in mining,

retirement, and death. The model fits well on average
the lung burden data of miners in the medium and
high exposure tertiles, but it tends to overpredict the
lung burden data of miners in the lower exposure ter-
tile. Miners in the lower exposure tertile have higher
mean observed lung dust burden than expected by com-
parison to the lung burdens of miners in the higher

TABLE 7
Optimized Parameter Values and Fit of the Three-
Compartment Human Lung Dosimetry Models, by De-
gree of Overloading of Alveolar-Macrophage-Mediated
Clearance

Parameter value

No 50% 90%
Model parameter? overload overload overload
Fo 0.12 b b
V; (m3/day) 13.5 b b
d (daysfyear) 250 b b
K (years) 1x10°3 15x10% 1.4x10°3
K, (day—1) 47x10% 7.0x10* 3x 10
Kyn (day1) 1x107° 1x10°° 1x107°
B (day~1) 0.0001 0.69 2.3
C 1 b b
Mmin 1.05 x 102 b b
Mmax 1.05 x 10° b b
Mean squared error (MSE) for lung
dust burden (g) and lymph node
Data set burden (if noted)
All miners (n=131) 79.3 85.8 231
Miners with hilar lymph 94.7 106 354
node burden data (n=57) 1.31°¢ 1.39¢ 2.15°¢
Miners with no post 70.0 68.9 148

exposure duration (n=11)

a8parameter description provided in Table 1.
b Fixed at values in no overload model.
¢ MSE for hilar lymph dust node burden (g).
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Relationship between duration of exposure and particle burden retained in the (a) lungs or (b) hilar lymph nodes. Circles are the

observed mean lung or lymph node burdens among all miners (n = 131), divided into groups based on either the tertiles of the distribution
of exposure duration (I-111, n = 120) or the miners who died while employed as coal miners (IV, n = 11). Error bars are standard deviations
of the mean lung or lymph node dust burdens. The mean durations of exposure among miners in these groups are 25 (1), 36 (I1), 46 (l11),
and 30 (1V) years. The input values in the dosimetry model are the mean ages in each group of starting work, retirement, and death and
the mean working lifetime concentration of respirable coal mine dust. The lines are the model-predicted mean lung or lymph node burdens
among miners in each group. The predicted lung dust burden begins to increase at the beginning of exposure, i.e., starting work in mining
(all groups) and then begins to drop slightly at the end of exposure, i.e., retirement (except for group 1V with postexposure duration equal to
zero). The predicted lymph node dust burdens begin to increase several years after the beginning of exposure and continue to increase until
death. The observed lung and lymph node dust burdens were measured at the end of life, and the tissues were obtained at autopsy.

exposure groups. The model overpredicts only slightly
the lung burdens of the miners who died when em-
ployed as coal miners. The hilar lymph node dust bur-
dens tend to be underpredicted by this model for all
miners except those in the high exposure tertile, for
whom the model slightly underpredicts the average
lymph node dust burden. The lymph node dust bur-
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dens among the miners with no postexposure time are
underpredicted.

This same pattern is observed in the residual plots
in Figs. 3a (lung burden data) and 3b (lymph node
burden data) vs cumulative exposure. The model
tends to underpredict lung dust burden among min-
ers with low cumulative exposures (seen by the positive
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FIG. 3. Residual (observed minus predicted) total dust burden in the (a) lungs (n=131) and (b) hilar lymph nodes (n=57), as related to

miners’ cumulative exposure to respirable coal mine dust.
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residuals). The model fits on average the data of min-
ers with medium or higher cumulative exposures (seen
by roughly equally distributed positive and negative
residuals). An exception to this is the overprediction
of lung burden among the four miners with the highest
cumulative exposure (>200 mg-year/m?) but unexpect-
edly low lung dust burdens. Additional analyses of the
trend in residuals are performed in the second paper
(this journal; Kuempel et al., 2001). A statistical test for
homogeneity of variance indicated no statistically sig-
nificant difference among miners grouped in tertiles of
the cumulative exposure distribution, either among all
131 miners (P =0.2) or with the four “outliers” omitted
(P =0.9). Additional residuals analyses were done for
variables that were not included in the model but that
could influence the retained lung dust burden. These
variables include smoking status, pack-years of smok-
ing, and disease status. The results showed that the
lung dust burden residuals were not statistically signifi-
cantly differentamong miners with differences in smok-
ing habits (ever smoker, never smoker, or unknown)
(P =0.5), nor were there trends in the plot of residu-
als by pack-years of smoking. Similarly, no trends were
observed in a residual plot by disease status (defined
as highest severity of fibrosis observed at autopsy). No
evidence of heterogeneity of variance was observed in
these residuals (all P values > 0.3).

Table 8 shows the observed lung and lymph node dust
burdens and those predicted from various models; it
also gives the estimated airborne mass of dust to which
miners were exposed and the estimated mass of dust

deposited in the deep lungs. Of the >350 g of airborne
respirable dust miners are estimated to have been ex-
posed to, approximately 40 g is estimated to have been
deposited in the alveolar region of the lungs, and a mean
of 14 to 15 g was observed in the lungs of miners at
autopsy. In contrast, a simple, one-compartment model
with first-order clearance predicts that most of the dust
would have been cleared by the time of death. The ICRP
and NCRP models are similar to the one-compartment
lung model in that the lung clearance is first-order and
there is no pulmonary sequestration; but those models
differ by also having a lymph node compartment. The
ICRP model actually has three separate first-order alve-
olar compartments, in which fixed percentages of res-
pirable dust deposit and the first-order clearance rate
coefficients differ. The slowly clearing compartment ac-
counts for the higher lung burdens and lower lymph
node burdens predicted by the ICRP model than the
NCRP model. In contrast to these human models, the
rodent-based, one-compartment model with overload-
ing of lung clearance predicts that most of the dust
would be retained in the lungs of these miners at the
time of death. The three-compartment model with first-
order alveolar-macrophage-mediated clearance (no
overload) and first-order interstitialization of particles
(developed in this study and calibrated to these coal
miner data) provides a close fit to the observed data,
although the tendency on average is to slightly under-
predict the lung and lymph node dust burdens.

Figure 4 illustrates the pattern of particle reten-
tion in the various lung compartments over time as

TABLE 8
Observed and Predicted Mean Total Dust Lung Burden, from Models with Various Clearance Assumptions,
in the Whole Cohort (n=131) and the Subset of Miners with Lymph Node (LN) Burden Data (n=57)

Hilar lymph note dust

Lung dust burden (g) burden (g)
Whole cohort LN subset Whole cohort LN subset
Observed.? 13.8 15.0 b 157
Predicted, assuming:
Total deposited in alveolar region (no 39.3 41.7 3.49 3.60
clearance)®
Simple, first-order clearance, no 0.584 0.577 b b
overload? (one-compartment model)
ICRP (1994) model 3.20 3.39 0.718 0.748
NCRP (1997) model 0.500 0.487 3.84 4.08
Rodent-based overload, 90%¢ (one- 305 33.6 b b
compartment model)
Interstitialization/sequestration and no 134 14.2 1.36 1.41

overloadd (three-compartment model)

aThe observed working lifetime mean airborne dust exposure was 364 g in the whole cohort and 380 g in the subset of miners with lymph
node data. These values were calculated from the mean cumulative exposure of 107.8 and 112.7 mg-year/m?, respectively, and assuming
13.5 m3 volume of air inhaled per 8-h day (ICRP, 1994) and 250 days/year exposure.

b Not applicable.
¢ Assuming alveolar fractional deposition of 0.12 (ICRP, 1994).
d Defined under Methods.
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FIG. 4. Predicted mass of particles retained in various lung com-
partments over time, assuming the mean exposure to respirable coal
mine dust among all miners in this study (3 mg/m? for 36 years),
based on the three-compartment model with first-order interstitial-
ization and alveolar clearance (no overload). “Deposited” refers to the
alveolar region of the lungs, and “cleared” means from the alveoli to
the mucaociliary clearance path in the tracheobronchial region.

predicted by the best-fitting three-compartment model
(no-overload), using the average of all miners' data
(n=131) as the input. The model predicts that during
the first several years, most of the particles in the lungs
are in the alveolar region and therefore available for
alveolar-macrophage-mediated clearance. Steady state
(rate of deposition equals rate of clearance) is achieved
in the alveolar region during the first few years, but the
dust buildup continues in the interstitial region due to
the very slow clearance to the lung-associated lymph
nodes. The total dust lung burden is predicted to consist
equally of dust in the alveolar and interstitial regions
after approximately 8 or 9 years at the exposure rate of
these miners, but thereafter an increasing proportion
of the total lung dust burden is predicted to be retained
in the interstitium. When exposure ends (e.g., retire-
ment), the lung dust burden decreases slightly, reflect-
ing the decline of dust in the alveolar region when dust
is no longer being deposited. Several years after expo-
sure ends, nearly all of the dust retained in miners’
lungs is predicted to be interstitialized or otherwise
sequestered and available only for the relatively slow
clearance to the hilar lymph nodes. The amount of dust
retained in the hilar lymph nodes steadily increases
throughout the exposure and postexposure period.

DISCUSSION

This dosimetric model was developed based on what
we know about the structure of the human lungs and
the biological and kinetic processes influencing the

KUEMPEL ET AL.

clearance and retention of respirable, poorly soluble
particles. The model was calibrated using existing data
in humans with occupational exposures to respirable
coal mine dust, and it was validated using a reserved
subset of those data. The human data used in this study
are necessarily observational in nature and therefore
contain much more variability and uncertainty than
the data from experimental studies in rodents. In the
experimental setting, exposure and other factors are
carefully controlled, and animals of the same age and
similar genetic makeup are used. A dosimetry model in
rodents can then be developed using relatively homo-
geneous data from controlled experiments. In addition,
the mean values for each exposure group are often used
in model fitting, which further reduces the apparent
variability. In contrast, the human data are inherently
variable. Humans are genetically diverse; lifestyles dif-
fer, including differences in diet and nutritional status,
smoking habits, and occupational or nonoccupational
exposures to hazardous substances. All of these factors
may influence the clearance and retention of dust from
occupational exposures and contribute to the observed
variability in model predictions. As described earlier,
the occupational exposures were estimated from dust
sampling surveys by job category and from individual
work history records. However, gaps and uncertainties
in these exposure data could lead to variability and/or
bias of the model predictions (this issue is explored fur-
ther in the second paper (this journal; Kuempel et al.,
2001)). Despite the variability and uncertainty, consis-
tent patterns emerge from this study.

Results clearly show that a simple, first-order clear-
ance model is inadequate for describing the end-of-life
lung dust burdens. This was observed among all miners
regardless of their cumulative exposure to respirable
coal mine dust, including those individuals who were
employed as coal miners when they died. Actively work-
ing coal miners are expected to be among the least
likely to have impaired clearance since such impair-
ment may be associated with lung dysfunction and dis-
ease that could preclude them from continuing in a
physically demanding occupation like mining. In the
one-compartment model, reducing the first-order clear-
ance rate coefficient by nearly 1 order of magnitude re-
sulted in improved fit of the one-compartment model to
the end-of-life lung dust burdens; however, that model
was deemed inadequate because it predicted consider-
able postexposure clearance, which is inconsistent with
the previous studies (Kuempel et al., 1997; Freedman
and Robinson, 1988). Interestingly, the reduced rate co-
efficients (1.3 x 10~ day‘1 among miners in the devel-
opment data and 3.0 x 10~ day ' among miners postex-
posure duration equal to zero) are remarkably similar
to rate coefficients observed by Freedman and Robin-
son (1988). In that study, the rate coefficients of 3.62 x
104 and 1.98 x 10~ day * can be computed from the
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retention half-times of 63 and 115 months reported by
Freedman and Robinson (which are based on their mag-
netopneumography measurements after 1 and 2 years,
respectively). In an early study of German coal miners,
Stdber etal. (1967) report a similar first-order clearance
rate coefficient (3.8 x 1074 day % computed from the
year~—! value), based on a simple, first-order clearance
model. All of these studies indicate that the retention
half-time of respirable particles in the deep lungs in
coal miners is many times greater than the 693-day re-
tention half-time (1 x 10~3 day ™) reported for persons
without occupational dust exposure, based on measure-
ments taken 200 days after inhalation of radiolabeled
tracer particles (Bailey et al., 1985).

The finding in this study that the dust is not be-
ing cleared from these miners’ lungs as a simple first-
order process does not seem to be explained by the
overloading of lung clearance as observed in rodents
with high lung dust burdens. Overload is defined as
the dose-dependent decline in alveolar-macrophage-
mediated clearance and is described in the model as
an exponential decline in the alveolar clearance rate
coefficient with increasing lung burden. Indeed, the
average concentration of dust in these coal miners’
lungs (13.8 mg/g tissue) exceeds that associated with
severe impairment of alveolar clearance in rodents
(>10 mg dust/g tissue). However, the results clearly
show that the one-compartment model (which used
only the overloading of alveolar clearance to try to
describe the increased lung burdens) was inadequate
for predicting the lung dust burdens of these min-
ers. That model overpredicted miners lung dust bur-
dens, and the overprediction increased with increas-
ing cumulative exposure. A possible explanation for
these findings, as shown by the modeling, is that se-
guestration is an important kinetic process influencing
particle retention in the lungs of these miners. With
sequestration, some portion of the dust is no longer
available for normal macrophage-mediated clearance.
Inclusion of this process in the model required the
addition of another model compartment, which is
believed to represent the lung interstitium and is con-
sistent with what is known about the structure and par-
ticle retention sites of primate lungs. From the intersti-
tial compartment, clearance occurs very slowly to the
lung-associated lymph nodes. The results clearly show
that the three-compartment model with first-order pro-
cesses for alveolar-macrophage-mediated clearance and
interstitialization of particles provides the best fit to the
lung and lymph node dust burden data. Indeed, the im-
provement of this three-compartment model over the
one-compartment models is highly statistically signifi-
cant (P <0.0001). This finding supports the hypothesis
that particle sequestration is an essential process in
describing the disposition of respirable, poorly soluble
particles in the lungs of humans with long-term occu-
pational dust exposures.

The results also clearly show that the addition of alve-
olar clearance overloading to the three-compartment
sequestration model did not improve that model fit
to the data. Although the MSEs for the 50% over-
load model were similar to that of the no-overload
model (Table 7), suggesting similar model fit, the no-
overload model was statistically significantly better in
all miners (P =0.002) and miners with lymph node data
(P =0.01); the model fits could not be distinguished
among the miners who died while employed as min-
ers (P =0.7). These findings were observed despite the
modeling approach designed to maximize the possibil-
ity of detecting overload by allowing other model pa-
rameters to vary in order to accommodate the over-
load model structure (with dose-dependent decline in
alveolar-macrophage-mediated clearance). Thus, there
is no evidence from this study that particle clearance
and retention are dose-dependent in these miners. The
results also showed that, contrary to expectations based
on previous findings of increased particle retention time
in the lungs of smokers (Bohning et al., 1982), smoking
had little influence on particle retention or clearance
in these miners. Possible explanations are that miners’
occupational dust exposures influenced these kinetic
processes to a greater extent than smoking or that the
smoking information was insufficient (e.g., missing or
incomplete and not analyzed by intensity of smoking or
pack-years). These findings on particle clearance kinet-
ics of course do not address the issue of smoking as a
possible factor in pulmonary disease response.

This three-compartment human lung model was re-
cently tested using an independent data set of UK coal
miners (Tran and Buchanan, 2000), and the results are
remarkable consistent with this study of U.S. coal min-
ers. It is clear from these findings that if overloading
occurs in these coal miners, it occurs to a lesser extent
than expected from the rodent studies; and overloading
contributes very little relative to an interstitialization
or sequestration process in explaining the retained lung
dust burdens in these miners.

The absence of an “overload” effect does not imply
that these miners had effective clearance. As discussed
above, the half-time of respirable particle retention in
coal miners’ lungs was shown to be 5 to 15 years, com-
pared to less than 2 years in persons without dusty jobs.
The increased retention half-time in coal miners is con-
sistent with a substantial portion of the dust being se-
questered (e.g., in the interstitium), as predicted from
our model. The apparent importance of particle intersti-
tialization in humans is also consistent with the Kinetic
differences in lung clearance in humans and rats. The
first-order rate coefficient for alveolar clearance is ap-
proximately 1 order of magnitude faster in rats than
in humans (retention half-times on the order of 2 and
24 months, respectively) (Snipes, 1996), and this may
allow for greater interstitialization of particles at all
lung dust burdens. In the rat, particle sequestration
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and transfer to the interstitium and lymph nodes is
quite low usually, but these dramatically increase when
doses are high enough to cause overloading of alveo-
lar macrophage-mediated clearance. In fact, only in the
“overloaded” rat does the lung burden reach concentra-
tions as high as those observed in some humans with
occupational dust exposure, such as coal miners.

Studies in humans and nonhuman primates provide
support for the importance of interstitialization in par-
ticle retention in human lungs. Nikula et al. (1997)
found in a histological analysis of lung tissue sections
from an earlier study that the predominant site for par-
ticle retention in the deep lungs was the interstitium in
cynomolgus monkeys (vs the alveoli in rats), following
2-year inhalation exposure to 2 mg/m? of respirable coal
mine dust and/or diesel exhaust particulate. An evalu-
ation of lung serial sections in both coal miners and
nonminers showed that the interstitium is also the pre-
dominant tissue site for particle retention in the deep
lungs of humans (Nikula et al., 2001). In that study, 57,
68, and 91% of the volume density of the retained partic-
ulate material was observed, respectively, in the inter-
stitium of nonminers, in coal miners working under the
current federal coal dust standard, and in coal miners
working under the earlier standard.

These findings indicate that a rodent model extrap-
olated to humans, without adjustment for the kinetic
differences in the particle clearance and retention,
would be inadequate for predicting lung dust burdens
in humans. These models would potentially underpre-
dict lung dust burdens at low exposures and overpre-
dict burdens at high exposures. Some dosimetry mod-
els in rodents describe the lung as one compartment
with dose-dependent decline in alveolar-macrophage-
mediated clearance (i.e., overloading) (e.g., Yu et al.,
1991; Yu and Rappaport, 1997). This model structure,
which fits the rodent data well, has also been used in ex-
trapolations to humans (Yuetal., 1991; Yu, 1996). Other
lung dosimetry models in rodents have been devel-
oped that include both interstitialization and alveolar
sequestration, which increase in the model once an over-
loading lung dust burden is achieved (Stober et al.,
1989; Tranetal., 1997). These models are more complex
(approximately nine compartments in each) and include
compartments describing cellular processes within the
alveoli and interstitium, for which data are gener-
ally not available, particularly not in humans. The
lung dosimetry model developed in this study using
human data is consistent with the structure of the
Stober et al. (1989) and Tran et al. (1997) models in
that the three compartments correspond to the major
compartments (without the subcompartments) in those
models.

These findings also indicate that current human mod-
els (e.g., ICRP, 1994; NCRP, 1997), which were devel-
oped primarily to describe the retention of radioactive
particles in the human respiratory tract, may substan-

tially underpredict the lifetime retention of respirable
particles in the lungs of workers in dusty jobs. The ICRP
and NCRP models are based on first-order clearance,
and neither includes a pulmonary sequestration com-
partment. We are currently investigating the structures
and predictions of these various models, using addi-
tional data sets with both low and high dust exposures.
Additional studies are also needed to determine to what
extent our model is representative of other populations.
Our model was developed for respirable-sized particles
of very low solubility. It has not been tested for par-
ticles of different solubility or sizes (within the range
of those depositing in the gas exchange region, for ex-
ample, ultrafines), and modifications would be required
to include dissolution and possibly particle-size-specific
clearance. Both the ICRP (1994) and the NCRP (1997)
models include dissolution but assume the same clear-
ance for all particle sizes in a given lung compartment.

Although our three-compartment model represents
the major sites for dust disposition in the deep lungs
(alveoli, interstitium, and hilar lymph nodes), it is,
of necessity, a simplification of the complex biological
processes in the lungs in response to inhaled parti-
cles. Likewise, the tissues and processes in the lungs
do not necessarily fit rigidly into these model com-
partments. For example, the interstitial compartment
could also represent dust that is essentially sequestered
in the alveolar compartment, perhaps encapsulated in
reticulin and collagen fiber network and then cleared
very slowly to the lymph nodes. Even the best-fitting
model did not adequately describe the lung dust bur-
dens of miners with low cumulative exposures. A trend
in the residuals by cumulative exposure tertile was
observed, showing underestimation of the lung dust
burdens of miners with low cumulative exposures, al-
though the model fit was good among miners with
medium or high cumulative exposures. The lymph node
dust burdens were underestimated among miners with
low and medium cumulative exposures and overesti-
mated among miners with high cumulative exposures.
These findings are opposite to those expected from ro-
dent studies, in which the lung and lymph node dust
burdens were underestimated in rats with exposures
associated with overloading. A factor that may help to
explain the difficulty in fitting the model to the lung
dust burden data for miners in the low exposure ter-
tile is that their mean lung dust burden (12.9 g; SD =
7.8 g) is very similar to that in miners in the middle
exposure tertile (12.4 g; SD =7.0 g). This suggests that
either there is greater sequestration of dust at low expo-
sures than expected or the “low” exposures are underes-
timated. Either situation could explain the model’'s un-
derestimation of the lung dust burdens of miners with
lower exposures. Interindividual differences in miners’
exposures are primarily determined by their duration
of work in mining, as the working lifetime average con-
centrations of respirable coal mine dust were similar
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among all miners (3.0 mg/m3; S D = 0.8 mg/m?3); how-
ever, individuals’ job-specific dust concentrations (used
in the dosimetry modeling) varied to a greater extent
(ranging from <2 to 9 mg/m?3).

This human lung dosimetry model is potentially use-
ful for risk assessment of particle-related lung diseases
inhumans. It provides a biological approach to lung bur-
den prediction. It can also predict lung burdens among
individuals with different exposures, breathing rates,
etc. Furthermore, this model can be used to adjust for
the Kkinetic differences in exposure—dose relationships
across species so that disease responses can be evalu-
ated at equivalent doses in both species. Other modifica-
tions to the model are possible, for example, to expand
the deposition portion using particle size distribution
data or to describe size- or solubility-dependent differ-
ences in particle clearance. Additional evaluation of this
model is provided in the accompanying paper (Kuempel
et al., 2001), both to investigate sources of uncertainty
in the model structure and average parameter values
and to attempt to explain the interindividual variability
in the observed and predicted lung dust burdens.

CONCLUSIONS

A three-compartment dosimetry model was devel-
oped to describe the Kinetics of respirable particle clear-
ance and retention in human lungs. The model was cal-
ibrated using lung and lymph node dust burden data in
U.S. coal miners. This model clearly shows that miners
retained more dust in their lungs than expected from a
simple, first-order clearance model, and they retained
less dust than expected from a rodent-based model with
overloading of alveolar clearance. The model that best
fit these human data includes a predominant seques-
tration compartment, which is thought to represent the
retention of particles in the lung interstitium. These
findings indicate that adjustment for these kinetic dif-
ferences in particle clearance and retention is required
when using rodent data to predict lung disease risks in
humans. These findings also suggest that the current
human lung models may substantially underestimate
the working lifetime lung dust burdens in certain occu-
pational populations.
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