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20.1 INTRODUCTION 

Inhaled airborne particles may be deposited io the respfratory tract with a probability that depends 
on the physical properties of the particles, the velocity of the air, and the structure of the airways. 
Once deposited, particles may be retained at the site of deposition, translocated elsewhere in the 
body, or cleared by the biological processes specific to each region of the respiratory tract. 

The major regions of the human respiratory tract include the extrathoracic (nasopharynx or 
head airways), thoracic (tracheobronch.ial airways), and alveolar (puJmonary or gas-exchange) 
(ICRP 1994). These regions differ in structure and function (Miller 1999; McClellan 2000). The 
functions of the extrathoracic and lhoracic regions include air conditioning and conducting, while 
the main function of the alveolar region is the gas exchange. Clearance of parricles depositing in the 
alveolar region occurs primarily by alveolar macrophage (A V)-mediated clearance to the thoracic 
region, where they are clea{cd via Lhe "mucociliary escalator" and then expectorated or swallowed. 
All regions of the respiratory tract include lymphatic tissue. The extrathoracic region drains to the 
extrathoracic lymph nodes, and the thoracic and alveolar regions drain to the thoracic (also called 
hilar) lymph nodes. Particles that are not cleared from the lungs may enter the lung interstitium and 
translocate to the lymph or blood circulation. 

Several terms have been adopted to describe particles based on their size and probability of 
deposition within the respiratory tract. lnhalnble particles are those capable of depositing anywhere 
in the respiratory tract. Thoracic particles are those capable of depositing in the lung airways. Respi­
rable particles are those capable of depositing in the gas exchange region of the lungs (ACGIH 2005). 
The respirable particle size distribution includes the ultrafine or nanopa11icles (primary particle 
diameter <0.1 ~tm), fine particles ( <2.5 µrn), and coarse particles with diameters < 10 µm. 

20.1.1 COMPARISON OF H UMAN AND RODENT LUNG STRUCTURE AND PHYSIOLOGY 

Humans and rodents have in common the major respiratory tract regions, hut differ in the structural 
and physiological details of each region. For exam.pie, rats are obligate nose breathers, while humans 
breathe through either the mouth or nose, depending on the level of exertion and other factors. The 
nasal airways in rats are more extensive, and the particle deposilion fractions .in this region are greater 
than in humans. Conversely, particle deposition fractions in the tracheobronchial region are greater in 
humans than in rats. Deposition occurs pri.mari1y by particle-airway impaction in that region. Rats 
have an asymmetric (monopodial) branching system of tracheobroncb.ial airways, while primates 
including humans have a symmetric (bipodial or tripodial) branching system (Crapo et a]. 1990). 
Humans ba ve respiratory bronchioles leading to the alveolar ducts while rats do not, instead having 
terminal bronchioles leading directly to the alveolar ducts. Yet, the alveolus structure, where gas 
exchange occurs, is similar in rodents, humans, and other mammals (Mauderly 1996). Because of the 
structural and size differences in the human and rat respiratory tract, the particle sizes that are 
inbalable differ in rats and humans (Menache, Miller, and Raabe 1995), 
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Humans also differ from rats in physiological factors such as breathing and metabolic rates. 
Normal alveolar clearn.ncP. is approximately l O times faster in rats than in humans (Snipes 1989). 
Tracheobronchial clearance is relauve;y :apid in both rats and humans (retention half-times from 
hours to days), although in humans it has been shown that sunje:. i;aitidcs t!:ict d"'posit.in the airways 
are cleared more slowly (Stahlhofen, Scheuch, and Bailey 1995). The fraction of slowly t.ic.a..:t.u 
particles from the lung airways has been shown to increase with decreasing particle size from 6 to 
< l µm geometric diameter (Kreyling and Scheuch 2000). This may be an imponant retention 
mechanism for uanoparticles, as well. The particle concentration in the lung airways (and particu­
larly at airway bifurcations and centiiacinar region) has been associated with both cancer and 
non-cancer lung diseases (Churg and Stevens 1988; Churg et al. 2003). 

Particles that deposit in the alveolar region are associated with tbe slowest clearance phase in 
both rats and humans, with normal retention half-times of approximately 2 months in rats and from 
months to years in humans (Bailey, Fry, and James 1985). The rate of alveolar clearance can depend 
on the particle exposure concentration and duration in both rats and humans. For example, in coal 
miners, )jtlle or no clearance of particles was observed to occur after retirement from mining 
(Freedman and Robinson 1988: Kuempel et al. 1997). In rats (and mice and hamsters.) with 
sufficienlly high exposures, ''overloading" of lung clearance has been observed at greater lung 
burdens and longer retention times than expected based on studies at lower exposures (Morrow 
I 988; Muhle et al. 1990; Elder et al. 2005). 

20.1.2 LUNG DOSIMETRY MODELS 

The differences in human and rat lung strucrure and physiology that influence the kinetics of 
particle deposition and clearance can be <lescribed using biologically based mathematical 
models. Also called lung dosimetry models, these models describe the relationship between the 
external exposure to airborne particles and tbe internal dose of particles in the lungs. Biomathe­
matical models that desc1ibe the exposure-dose relationship of a toxicant over time are called 
toxicokinetic models, while those desc1ibing the dose-response relationship are called toxico­
dynamic models. Although less common, models that describe the exposure, dose, and response 
relationships are called toxicokinetic/tox.icodynamic models. 

Lung dosimetry models have been developed for several species, but mostly in rats and 
humans. These models often focus separately on the processes of particle depos1tion or clearan­
ce/retention, although some have been integrnted in software programs for humans (ICRP 1994; 
NCRP 1997; CIIT and RJVM 2002) and rats (CilT and RIVM 2002)_ In several earlier rat models, 
the lungs have been described as a single compartment, with a dose-dependent clearance rate 
coefficient to account for overload (Yu et al. 1988; Yu and Rappaport 1997; CIIT and RTVM 
2002). Other rat models described the Jung clearance of insoluble particles during chronic exposure 
in terms of clearance to the tracbeobronchial region, transfer to lymph nodes, and sequestration 
within the alveolar region (Vincent et al. 1987; Jones et al. 1988; Strom, Johnson, and Chan 1989; 
Stober, Morrow. and Hoover-1989; Stober, Morrow, and Morawietz 1990a, Stober et aL 1990b). Of 
the human lung dosimetry models, many have focused on particle deposition. Tbe human multiple 
path particle deposition (MPPD) model (CUT and RIVM 2002 includes options for lung 
morphology based on daca by Yeh and Schum (1980), Mortensen et al. (1988), or Koblinger and 
Hofmann (1990). Other deposition models include an empirical (data-based) model of u1trafine 
aerosol deposition in the human tracheobronchial airways (Zhang and Mru;tonen l 997) and a 
stochastic model of particle deposition, with parameters described as statistical distributions 
based on experimental measurement, which allows for intra- and inter-individual variation in 
deposition due to Jung suuctu.re and geometry (Koblinger and Hofmann 1985). Human lung 
dosimetTy models have recently been reviewed by Martonen, Rosati, and Isaacs (2005). 

In this chapter, two biomatberoatical models of the long-term clearance and retention of inhaled 
particles in rats or humans are described in detail. These include a biologically based model of 
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exposure-dose-1·esponse in rats (Tran et al. 1999, 2000) and a human exposure-dose model 
calibrated and validated usiog data from two mctependem cohorts of Mal miners in the U.S. 
(Kuempel 2000: Kuempel et al. 2001a, 2001b) and the U.K. (Tran and Buchanan 2GGO). Th~ 
f P.atures of each of thes_e morlP-1s 3.1~ unique compared with other existing models, The rat model 
is the only toxicok.inetic/toxicodynamic model cutTently available for poorly soluble particles. The 
human model structure is biologically based and is the only clearance/retention model to be 
validated using human particle lung burden data. The structures of these human and rat models 
are compatible, wbicb facilitates biologically based extrapolation from the rat to the human for 
those parameters that are not available for humans. Finally, examples are provided of using these 
models in risk assessment of occupational exposure to poorly soluble particles. 

20.2 MATHEMATICAL MODEL O F THE RETENrlON AND CLEARANCE 
OF PARTICLES FROM THE RAT LUNGS 

Mathematically, the deposition and clearance process is a dynamic system, which can be described 
as a series of compartments. For example, in this model, Xj represents the quantity of free particles 
on the alveolar surface. Generally, the change in the particle burden in compartment i, dX/dt, is 
described by equations of tbe form 

where 

dX 
- ' =D+l--00,. 
dt u 

D = input from outside the system to compartment i , 
1.i, = input from compartment j to compartment i, 

0 1k = output from compartment i to compartment k. 

(20.1) 

Equation 20.1 is called the "mass balance" Equation (because, over a set of c01upartments, 
mass is preserved). 

1f tbe rate of transfer of particles from cornpartmeotj to compartment i is assumed to be directly 
proportional to the mass of particles resident in compartment}. i.e .. 

(20.2) 

then Equation 20.2 is called the "mass action" type and /<.iJ the "transfer rate" is the fraction per 
unit time. 

For multiple inputs and outputs Equation 20.J can be generalized as 

dX m n 

-' =D +Lf;,-LOik i=l, ... , / 
dt j=l k=l 

(20.3) 

where mis the number of compartments that output to compartment i, n ls the number of compart­
ments that receive output from compartment i and l is the total number of compartments which 
make up the system. 

A system of equations such as Equation 20.3 can represent the dynamics of the retention and 
clearance of particles/fibres in the alveolar region of the lung. 

20.2.1 STRUCTURE OF THE RAT 8 10MATHEMATICAl LUNG MODEL 

The model is defined by a set of differential equations, which describe the rates at which the 
quantities of particles in the various compartments are assumed to change. Below we describe 
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these compartments, tJ1e scientific assumptions about the translocations between them, and the rate 
parameters governing these processes. 

20.2.1 .1 Compartments of the Model 

Our mathematical model describes the progress over time of the retention of particles and the 
alveolar macrophage (AM)-mediated clearance process in the pulmonary region , together with the 
particle redistribution and the overload phenomena. Figure 20.1 shows the nine conceptual 
compartments describing the location of inhaled particles, plus the main translocation routes 
between them, including AM-mediated clearance (Tran et al. 1999, 2000). 

In Figure 20. l , inhaled particles in the respirable size range can reach the alveolar region of 
the h.mg, where lbey come into contact with epithelial cells. The mass (mg) of free particles on 
the alveolar surface is represented by compartment X1. As the result of this contact, these 
particles are readily transferred into the interst:itium (compartment X5 represents the amount 
of free particles in the interstitium). This process is likely to be dependent on particle size 
(Perin, Oberdorster, and Penney 1992; Oberdorster, Ferin, and Lehnert 1994; Geiser et al. 
2005). However, the particle-epithelial celI contact also generates chemotactic signals that 
attract AMs to the site of particle deposition (Warheit et aJ. 1988; Reynolds 2005). The 
ensuing phagocytosis by AMs endeavors to clear the alveolar surface of particles (and thus 
prevent interstitialisation). Subsequently, the ingested particles are removed by migrating AMs 
to the mucociliary escalator. (Compartment X2 represents the amount of particles inside mobile, 
active AMs.) However, these cells have a finite lifespan. AMs eventually decay and become 
inactive (compartment X5 represents the amount of particles inside decayed AMs) and release 
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their particle load onto tbe alveolar surface for re-phagocytosis by other, more effective, AMs. 
Free particles that cross ·the 1:1lveolar epithelium into tht: :.nt"'r,~titium may encounter interstitial 
macrophages (IMs) anct the same events, as described above, are repea~~::! (rnmpartment x6 

r"prc;,.;11l::. rhe amount of particles inside mobile IMs and X1 represents the particle amount 
inside decayed IMs). However, from the interstitium., some particles (both free and inside 
IMs) are removed to the lymph nodes (represented by compartment X9 ). 

As the particle-epithelial cells contact progresses, AMs become increasingly retained in the 
alveolar region where they phagocytose until they become overloaded. As overloaded AMs 
decay, this load becomes increasingly dlfficult to redistribute to more effective AMs (i.e., the 
macrophages that ingest th.is particle load will, -in tum, become overloaded). Gradually, a 
"sequestration" pool of particles emerges, consisting of particles in overloaded AMs. This is 
represented by compartment X4. Similarly, interstitial granu1omas are assumed to be dezivect 
from overloaded IMs. The amount of particles sequestered in granulomas is rcpre ented by 
compartment X8 ia the model. Table 20.1 gives a summary description of each of the compan­
ments . The retention of particle-laden AMs occurs together with the recruitment of 
polymorphonuclear leukocyte (PMN) cells into the affected region-thi is the hallmark of 
lhe inflammatory process (Donaldson and Tran 2002). 

20.2.2 MATHEMATICAL FORMULATION Of THE RAT LUNG MODEL 

20.2.2.1 The Mathematical Description of the Normal (Non-Overload) Retention 
and Clearance of Particles 

20.2 .2. 1. 1 On the Alveolar Surface 

TI1e rate of change of the mass of free particles (in mg day - 1) consists primarily of the deposition 
of partic1es from the aerosol, the phagocytosis by AMs, and 0the interstitialisation of these particles, 
and secondarily, of the release of particles from macrophages which reach the end of their lifecycle 

TABLE 20.1 
The Compartmen ts in the Model Representing the location of Particles and the Level 
of Inflammation 

Symbo l 

PMN 

011 rhe alveolar .w11face 
free on alveolar surface 

Location of Particles 

Successfully phagocytosed by alveolar macrophages 

fo fnac tive alveolar macrophages, can be released for re-phagocytosis 

Seque.stered in overloaded, immobile alveolar macrophages 

fn 1h~ interstiliurri 

Free in interstitium 

Succes~fully pl:iagocytoscd by interstitial macrophage.s 

Attached Co inactive interstitial macrophages, can be re-rclea~ed for phagocytos1~ 
Interstitial grunuloma 
At lhe lymph 11odes 

Thoraoic lymph nod6S 
PMN recr1.1i1men1 

Number of PMN cells in the alveolar region 
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(20.4a) 

where 

X1 is the mass (mg) of free particles remaining on the alveolar surface; 
D is the dose rate of particles deposited on the alveolar surface (mgday - 1

), calcu­
lated from Equation 2.4b; 

rA is the rate ofphagocytosis by AMs (day - 1
); 

i is the rate of interstitialisation (day - 1) ; 

X3 is the mass (mg) of particles in macrophages in the inactive phase of their 
ufecycle; and 

oA is the death rate for inactive macrophages. 

The deposited dose rate D of deposited particles (in mg day - 1
) is calculated as 

D = Concentration X Ventilation rate X Daily Exposure period 

X Alveolar deposition fraction X (5/7) X (6/ 100) 

where 

Concentration is the aerosol concentration (mg m - 3
); 

Vemilation rate is the breathing ventilation rate of the rat (l minute - 1); 

Daily Ex.posure period is the duration of each daily exposure (hr day - '); 

(20.4b) 

Alveolar deposition fraction is the fraction of the inhaled partic1es of a given size de­
posited in the aheolar region; 
(5/7) converts the concentration for a five-days-per-week inhalation pattern into the 
equivalent average concentration for the 7-days week; and 
(6/100) converts the uruts of the breathing r ate to match the time and volume unit~ of the 
concentration and exposure period. 

The alveolar deposition fraction, used in Equation 20.4b, was derived 111 two ways: (i) from the 
assumption that inhaled particles are of the (Mass Median Aerodynamic Diameter) MMAD size, 
and also (ii) from the measured particle size distribution, and using experimental data on the 
alveolar deposition efficiency for particle inhaled (Raabe et al. 1988). 

The transfer rate coefficients (D. ,-A; i, etc.) in these equations are shown in Figure 20.1 next to 
lheir translocation routes. The coefficients/, oA are approximately constant when the lung burden is 
low, but at higher lung burden the macrophage mediated clearance becomes impaired and the 
transfer rates become functions of the alveolar particle surface area, Satv, and the form of this 
dependence is described later. This assumes that the dependence is on the sum of paiticles 
whfoh are available to the AMs, i.e., dependence on Sat, = s(X1 + X2 + X3 + X4), where s is 
particle-specific surface area (in unit of area per unit of mass). The phagocytosis rate is left constant 
for the range of particles to be modeled presently. However, it is envisaged that phagocytosis will 
become less effective as AMs are expected to clear larger epithelial areas, (covered by particles 
with larger surface areas). This is likely to be true for nanoparticles. However, data is currently 
lacking for a reasonably accurate model. 

Equation 20.4a, with these coefficients written as functions of s31v, becomes 

(20.4c) 
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Particles that have been phagocytosed by macrophages will subsequently either be removed 
from the alveolar region by way of rn.ic,·ophage migration and the mucociliary escalator or be 
released ont0 tbe alveolar surface upon the necrosis oi 1\1.!::. c:" the rate of change of the mass of 
phagocytosed particles in active AMs (i.e., Xv is 

(20.5) 

where cl is the AM-mectiated clearance rate (day - \ rA is the phagocytosis rare (day-1). and PA is 
the transfer rate (day - 1

) from active AMs to inactive AMs. When this clearance is unaffected by 
overload, cl is estimated to be 0.015 day - 1 (Stober, Morrow, and Hoover 1989). When clearance is 
affected by overload, then the dependence of cl on sa111 is described by Equation 20.13 . The 
phagocytosis rate r A is assumed to be independent of the particle surface area as AMs are. 
assumed to be locally mobile in the alveolar region and able to pbagocytose particles. Also, PA 
is assumed to be unaffected by the particle surface area, 

The mass of particles inside inactive AMs, X3 , is described by 

(20.6) 

where oA is the release rate of particles from inactive AMs back to the alveolar surface and rp is the 
rate of transfer into the alveolar sequestration compartment. Note that for a certain choice of oA and 
</>, oA +</>=constant. 

Equations 20.4 through Equation 20.6 describe the dynamics of translocation of particles on 
the alveolar surface when the lung defenses are not overloaded. The fourth compartment on the 
alveolar surface, X4 , becomes involved once Lhe lung becomes overloaded with particles. Tbe rate 
of change of the amount of particles in 1he alveolar sequestration compartment (X4). representing 
the mass of particles trapped inside overloaded macrophages, is 

(20.7) 

20.2.2. 7.2 In the lnterstitium 

Once particles are interstjtialised, they will be phagocytosed readily by !Ms. lnterstitiaJised 
particles that escape phagocytosis, together with the particles phagocytosed by Jms, may eventually 
be removed to the lymph nodes. Let X5 be the mass of free particles that are interstitialised, then 

(:20.8) 

where 

e is the removal rate (day- 1
) of particles to the lymph nodes; 

r1 and Or, respectively. the rates of phagocytosis by macrophages and release from inactive 
macrophages, are assumed to have the same value for IMs as for AMs; 

and sins, is the interstitial burden in unit of surface area, i.e. Sinst = s(X5 + X6 + X7 + Xg). 

Equation 20.8 for !Ms is comparable to Equation 20.4c for AMs-tbe first term on the right 
hand side of Equation 20.8 is tbe transfer from alveolar SUiface (instead of deposition in Equation 
20.4c), the second and third terms includeX5 instead of Xi, and the last tenn includes X7 instead of 
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X3• Similarly. the mass of particles phagocytosed by IMs is 

where the removal rate to lymph nodes (e) is assumed to be the same for !Ms as for interstitialised 
free particles. 

The mass of particles trapped in interstitial granulomas is described by 

(20.J 0) 

where the transfer rare of particles from active !Ms to inactive rtvls (p1) and the release ra te from 
inactive IMs (61) are also assumed to have the same dependence on the relevant burden (interstitial 
or alveolar particle surface area), and also the same non-overload values a5 for AMs; vis the rate 
(day- 1

) of interstitial granuloma formation which occurs when the IM defense of the inLerstit.ium 
becomes impaired. 

The conditions relating to the transfer of patticles to interstitial granu)oma (X8) are linked with 
overload and therefore are described in the section on overload (later). However, the mass of 
particles trapped in interstitial granulomas is described by 

(20.11) 

20.2.2.1.3 Al Lhe Lymphatic Level 

The mass of particles accumulated in the mediastinal I ympb nodes is the sum of the transfer from 
free interst:itialised particles (Xs) and particles in IMs (X6) 

(20.12) 

20.2.2.2 Mathematical Description of Overload 

As described earlier, the impairment of pulmonary clearance during exposure due to overload 
couelated with the increase in the rate of recruitment of PMNs. The PMN level, iri tum, correlated 
with particle surface area. T his impairment of clearance can be described mathematically as a 
function, B, of alveolar particle burden (in terms of mass or surface area), which va.ries between O 
and I. As 8 is a multiplier of the ,:ate parameters, these parameters are fu Uy functioning when IJ z 1. 

Mathematical expressions were developed to describe this progressive impairment. Similar 
equations were used in other models (e.g., Yu et aL 1988; Stober, Morrow, and Hoover 1989; 
Tran, Jone&, a11d Donaldson 1997). Note that all of these functional forms are essentially chosen for 
practical reasons (i.e., they integrate well with the models in which they form a part). For example, 
Tran, Jones, and Donaldson 1997 used an exponential decay form 

8(m~1v) = e-,1.C,,i,,,-.ncri,l for 17latv > merit 

8(ma1v) = 1 for 111aJv .$ merit 

where ma1v is the particle mass in the alveolar region and m erit is the critical mass from which 
impairment begins to manifest. J. and {1 are parameters control ling the rate and form of decay. This 
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function has two limitations. First, the parameter of this function cannot be related to some 
tangible entity, uch as mass or surfa.;c area. ~o. Jt 1s d.iffic!!!t to judge the plausibility of different 
values which (A and {3) give a good fiL with data. Finally, there is a detenni,i)ist:, houndary at m.,01 

below which there is n0 !1.ipairment-i.e., the equation above provides an abrupt switch over to 
imp.i.;1,11~nL ot clearance. While there is some evidence that this might be the case (Muhle et al. 
1990), il 1s more plausible that impairment would likely progre continuously. Titus, a new 
functional form for 8 in terms of alveolar surface burden, s,,1v, is introduced 

8(sa1v) = 1 - ( )/3) 
l + (!la. 

Si:i/v 

(20.13) 

This functional form i similar Lo that used by Yu and Rappaport ( l997) to descdbe retardation 
of clearance of insoluble dust. The function is dependent on two parameters, namely s112 an<l {3. The 
fonner, s112, represents the level of particle surface area such 1.hat the impairment is half of its 
original value; while the latter, {3, "Controls rhe steepne _ of the impairment. Figure 20.2 shows me 
behavior of 8 for two different ets of values for (3 and s112 over a range of values of s01v. One 
advantage this function ha over the earlier fLtuctions from the literature 1s that one of its para­
meters, s112, is readily interpretable and will be useful in the comparison of the effecls of different 
dusts on their retention and clearance. 

Since particle surface area affe ts clearance by mobile macrophages, we assume here that the 
clearance rate is modified as 

(20.14) 

where cl, on the right-band ide of Equation 20.14, is the time-independent rate for low lung 
burdens. Thus, as the particle burden on the alveolar surface (in terms of surface area) increases, 
mobile macrophages are increasingly retained on the alveolar surface, as described by Equation 
20.14. During this phase, particle released by inactive AMs upon death will be Jess likely to be 
removed by mobile AMs to the mucociliary esca\awr (i.e., the transfer rate oA, back to the alveolar 
surface to be re-pbagocytosed and then cleared by AMs, decreases with increasing alveolar lung 
burden). Instead, these particle are re-phagocytosed by retained AMs leading to transfer al a rate, 
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<I> the sequestration rate {day-1
), into an alveolar sequestration compartment (X4). In this case,¢ 

increases as impairment develops 

(20.15) 

and 

(20.16) 

For particles with large surface area, as inhalation progresses, there is increasing contact 
between these particles and epithelial cells, potentially causing damage to these cells. It is 
assumed that a damaged epithelium will allow greater access of particles into the interstitium 
(Adamson and Hedgecock 1995). Therefore, the rate of particle interstitialisation increases concur­
rently with the progression of impainnent. Mathematically, the rate of interstitialisation can be 
modeled as 

(20.17) 

where inor:mal is the rate of inters titia1isation under normal conditions and imu is the maximum rate 
of interstitialisation under complete impairment. So, according to this equation, initially i(Satv) = 
inofJllal ( * 0), because AM defense is not absolutely effective and there is always some interstitia-
1isation taking place. Once impainnent starts, i(s0 1v) increases from inonnal towards imax· 

At the interstitial level, we assume that interstitial granuloma will be formed when the defeose 
of the interstitium becomes impaired. There is, however, an absence of data regarding the particu­
late burden in the interstitium. Therefore, for the present.. we are restricted lo constrUcling the 
framework for this part of the model. This framework is presented to show how the concepts can be 
included, although the choice of values for the transfer rates will be limited to bejng plausible (but 
unsupported) and tbey will also be chosen so as not to affect the predictions of quantities which can 
be tested by the existing data (for lymph node burdens). 

For the current model, we assume that the -impairment of clearance for IMs by dust loading has 
the same form of dependence on dust loading as for the A Ms. We also assume that the impairment 
of motility follows the same dependence on the impairment function 8. thus 

(20.18) 

The differential equations (Equation 20.4 through Equation 20.18), describing the kinetics of 
the retention and clearance of particles under normal circumstance (i.e., low exposure and non­
impairment of AM defense mechanisms) and for the overload situation, constitute the current 
mathematical model. The model provides a quantitative, scientifically based representation of 
the mechanisms of removal of particles from the lung. 

The above equations describing the effect of particulate overload describe the process that 
results in a higher proportion of the lung burden entering the ioterstitium. The presence of more 
particles in the interstitium makes more particles available for transfer to the. mediastinal lymph 
nodes. However, there does not appear to be a reason why a higher proportion of the interstitialised 
particles should be transferred Lo lympb nodes, so the coefficient for transfer from interstitium to 
mediastinal lymph nodes (X9) remains constant. 

20.2.2.3 Mathematical Description of PMN Recruitment 

In this section, the original model is extended to describe the inflammatory recruitment of PMN 
ceIJs. There is an association between the mean number of PMNs in the bronchoalveolar lavage 
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(BAL) fluid and the mean lymph node burden, expres. ed as surface area (Tran et al. 1999). Since 
particles found in tbe Jymph nodes were originally interstitialjsed, the nct t &.Le ot l'MN recruitmc;:t 
is assumed to be proportion~l to the rate of particle interstitial.isation (ekpressed as particle surface 
area) c:r,j a Pt/.:~! ;-_~ova] .r~te that is attributed to nm:rrrn 1 !ife1,;ycie of this type of cell. Thus, 

dPMN 
-d-r - = Rec. i(s31 , ).s. X1 - Rem. PMN (20.19) 

where P.MN represents lhe number of PMNs ( x J 06) i.o the BAL ftuid. Rec is the number of 
PMNs :recruited per unit of dust interstitialised (as surface area). Rem is the removal rate of 
PMNs (day- 1). The specific particle surface area is sand X1 is the ma s of free pruticles on the 
alveolar surface. 

20.2.2.4 Summary of Model Parameters 

The tran locations between the compartments of the model are expressed by transfer raies (labeled 
in Figure 20. l and defined in Table 20.2). These rates determine the-fraction of mass of particles per 
unit time, which are Lranslocated from one compartment to another (e.g., r, the phagocytosls rate of 
macrophages, represents the fraction of particles transferred from Xi, the compartment of free 
particles on the aJveolar surface, to X2 the compartment of successfully phagocytosed particles), 
In addition to the transfer rates, tbere are parameters belonging to Uie impairment Junction 
(e.g., {j and 1,2 in Equation 2Q_ L3) and those belonging ro the deposited dose D (e.g., 
breathing rate, deposition fraction, etc.). 

TABLE 20.2 
The Parameters of the Mathematical Model 

Parameters 

DFposi1io11 

Deposited dose rate. function of breathing rate. 
deposition efficiency and e~posure concentrntio11 

Kin~//cs /11 Macrophages 

Phagocytosis rate by AMs or IMs' 
AM-mediated clear.1nce of particles 
Transfer rate of pa[1.ic\cs from ncrive to inactive AMs or 

lMs" 
Release rate of particles back to the alveolar surface or 

interstitium for rl!-phagocytosis, 
J(inetics of Particles 

Normal int11rstitialisation rate of free particles 
Maximum interstitialisation wte of free particles 
Removal rate of particles to the Jyrnph nodes 
Overload and Seq11es1ra1ion 
Alveolar sequestration rate 
Rate of formation of interstitial granuloma 
PMN Recruitment 
PMN recniitme111 rate 

PMN removal rate 

symbol 

D 

e 

u 

Rec 

Rem 

day-I 

day - 1 

day-I 

Unit 

No. of cells recruited pet 

unit of particle sllrface 
area burden 

day- I 

• The subscripts A and I indicate lhal the coefficients apply respectively, to the alveolar and interstitial macrophages. 
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20.2.3 MODEL PARAMETERS 

20.2.3.1 Parameter Values 

T ahie 10.3 shows the values of the parameter used in the calculation of the deposited dose D 
(Equation 20.4b). Table 20.4 shows the values o.f the parameters drawn from previous studies, to 
be u ed in the model. The parameter include the phagocytosis rate, which is based on experi­
meutal evidence described by Stober el al. ( 1989, l':1901:1, 1990b), indicating that phagocytosis 
usually takes place within 2-6 h and so, following Stober, we u e the 6 h estimate. This is 
equivalent to a phagocytosis rate of approximately !/6 = 0.166 h-1• or equivalently 4 day - ' 
when expressed in the same units as the otber rates in Table 20.2. The macrophage mediated 
clearance rate has been estimated as ranging from 0.01 day - • to approximately 0.02 day - 1, 

ith the value of 0.015 day - 1 being commonly applicable (e.g., Stober, Morrow, and Hoover 
1989). Estimates of the time scales for the macrophage normal life cycle also based on the 
evidence presented by Stober et al. (1990a, 1990b) were used to estimate the rate of transfer 
from active to inactive macrophages (p) and for release from inactive macrophages ejther for 
re-phagocylosis (transfer rate 6) or after overload to become trapped in a succes ion of over­
loaded macrophage (transfer rate ¢). For example, if the time scale for the active phase of the 
life cycle is T~ days, then a population of macrophages in kinetic equilibrium would have a 
fraction of 1/Ta of the active macrophages pass from active to inactive phase each day, sop l!Ta , 
Similarly, there would be a rate of death and release of particles from inactive macrophages 6 
equal to J/T;, where T; is the time cale of Lhe inactive pha e. Both T0 and T, have been 
originally estimated by Stober et al. ( I 989, 1990a, J 990b), and values of Ta ( = 28 days) and 
T; ( = 7 days) from their studie~, corresponding to a rea onable estimate of AM total life cycle 
of 35 days (van Oud Alblas and van Forth, 1986) were used in our model. 

The rate of particulate deposition into the lung was estimated from the volume inhaled, tile 
aero ol concentration, and the alveolar tleposition fraction . The values estimated for the breathing 
rate and alveolar deposition -fraction and the plausible range are listed jn Table 20.3. A wide range 
of values for the breathing rate is plausible, as various tudies have u ed markedly different 
estimates, as shown in the first row of Table 20.3. The alveolar deposition fraction has been 
measured in rats as a funct ion of the particle aerodynamic diameter by Raabe et aJ . (1988), 
giving estimates of 7% for the Ti02 particles of MMAD -2. l ~Lm. Table 20.4 shows all the 
parameters of the model. 

TABLE 20.3 
Factors Affecting the Deposited Dose 

Breathing rate (Umin) 

Target coocentrations (mg m-3) 

E.1posure regimen 

Correction factor (to treat 11xposu1 e over 
S days as continuous over tbe week) 

TiOz deposition fraction 

O.l - 0.3 

O. t54 
SO mg m- ' 

7 h/day 
5 days/week 

sn = o.7 14 

0.07 

SL6b~r el al. (1994) and Yu et al, (1994) 

Value used in !his study 

Ti02 

{Also used by Morrow (1988)) 

Original estimates derived from in vivo data 

used u1 r.h.is study, and consistent with 

values from Raabe et al. (1977) and Raabe 

et aL (1988) 
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TABLE 20.4 
he a Priori Fixed Model Parameter 

:'..o, .imeters Symbol Value Unit 

Depo1itio11 
Deposited dose rate, function of breathing rate, D see Table 20. · mgday- 1 

deposition efficiency and exposure concentration 
Kine1£cJ i11 Macrophages 
Phagocyto is rate by AM~ or !Ms' r,.,, r, 4 day- 1 

AM-mediated clearance of particles O.OJS day - I 

Transfer rate of particles from active to inactive AMs or PA, Pl 0.036 day-I 

IMs" 
Release rate of particles back to the alveolar surface or 0A, o/ 0.14 day - I 

interstitium for re-phagocytosi ' 
Transfer from overloaded lM to granuloma ,, 0.1 4 day- I 

Kinetic.1 of Particles 
JnterstltiaJisntion of free particle , normal rate inormill O.QJ day- I 

Intcrstitialisation of free particles. maximum race i(J\Ol 1.8 day - I 

Removal rate of particles to the lymph nodes e 0.1 day- I 

Qyerloud and Sequestration 
Alveolar sequestration rate ¢ 0.14 day- I 

Rate of fomiation of interstitial granuloma II 0. 14 day -J 

Impairment F11nc1lo11 

Overload threshold )'112 387 cm' 
Overload constant f3 IS 

PMN Recruitment 
PMN recruitment rate Rec 0.025 No. of cells per 

,1n11 of s.a. 
burden 

PMN removal rnte Rem 0.01 day-I 

• The subscripts A and I indicate thal the coefficients apply, respectively, lo the alveolar and interstitiol macrophages. 

20.3 EXPERIMENTAL DATA 

Two contrasting. poor1y soluble "]ow-toxicity" mineral dusts were used to compare the dose 
response relationships at exposure concentrations calculated to produce volumetrically imilar 
alveolar deposition rates (Tran et al. 1999). Then, if the dose- response relation hips v.ere 
determined solely by volumetric loading (Morrow 1988), the results wouid show similarity 
between the two dusts. 

The chosen dusls (Table 20.5) provided contrasting particle sizes with similar densities. Target 
concentrations (Table 20.6) were calculated from expected alveolar deposition fractions for the size 
distribution of each dust, accounting for elutriation in the aerosol sampler. 

TABLE 20.5 
Physical Characteristics of the Test Particles 

Oust 

Titanium dioxide (TiOi) 
Barium Sulphate (BaS0 4) 

Density (g/cm3 ) 

4.25 

4.5 

MMAD (µm) 

2.1 
43 

pecific Surface Area 
(m2/g) 

6.67 
3.13 
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TABLE 20.6 
Target Exposure Concentrations of Respirable Ti02 and BaS04 

Titanium dioxide (Ti02) 
Barium Sulpbate (BaS04) 

Duration of e. ·peri menl 

"' "'' •" Concentration 

25 mgm-3 

37.5 mg m- 3 

203 days 

"High" Concentration 

SO mg m- 3 

75 mg m- 3 

!19 days 

Rats were sacrificed at 6 time point during exposure for measurement of (i) lung burden, (ii) 
burden in mediastinal hilar lymph nodes, and (iij) numbers of AMs. lymphocytes, and neutrophils 
PMN) in BAL fluid. Groups of 6 rats were u ed for particulate burdens, and further groups of 6 

for BAL. 
The lung burdens at the early time points showed thal similar mass deposition rates were 

acrueved. However, the BaS04 lung burdens appeared to latterly approach a steady state level, 
indicating effective clearance whereas Ti02 lung burdens continued to increase, (Figure 20.3) 
consistent with overload, lymph node burdens were higher for Ti02 (Figure 20.4). Mean 
numbers of PMNs (inflammation) also increased more rapidly for Ti02 (Figure 20.5). However. 
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FIGURE 20.6 Mean number of PMN compared to mean lung burdens expres5ed as mas urface area. 

if lung burdens were expressed as surface area, the PtvIN data for both dustS could be described by a 
common trend (Figure 20.6). 

20.4 STRATEGY FOR MODEL CALIBRATION AND VALIDATION 

The lung, lymph node burden, and number of PMNs from the "high' exposure Ti02 50 mg m-3 

experiment were used to estimate the non-fixed parameters. Specifically, 

1. The lung burden data were used to estimate fl and s112 and the factor for reducing the 
breathing rate parameter specific to the "high" expo ure Ti02. 

2. The lymph node burden data were used to estimate the translocalion rate e. 
3. The PMN data to estimate Rec and Rem. 

Once these parameters were e timated, the model was fully identified and calibrated. The next 
step was to validate the model by predicting the outcomes of the "low" exposure Ti02 experiment 
and both the BaS04 experiments and comparing (i .e., checking visually for consistency) with the 
data from these experiments. (A re-calibration of the model would have been carried out if 
necessary.) 
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The model calibration led to the predictions for the "high'' exposure Ti02 shown as the higher 
LineS in Figure 203 through Figure 20.5. M:,.:!d .simulauons for the "low" exposure Ti02 experi­
ment and both the BaS04 experiment (lower line in Figure 20.3 through Figure 1.0 . .'.i, ::.~rPed well 
visually with tbe data, thus, we c":1:;id -1 ea the model validated. 

20.5 MODEL EXTRAPOLATlON TO HUMANS 

The four main areas in the exposure- dose- response relationships that are expected to differ 
between rats and humans are: (i) Exposure Concentration, (ii) Deposited Dose, (iii) Retention 
and Clearance, and (iv) Cell Recruitment. Occupational human exposure is usually at lower 
airborne concentration and a longer duration than the exposure in animal studies. The deposited 
dose is influenced by the ventilation rate and the deposition fraction . Both of these parameters are 
dependent on the morphology of the lung and are expected to differ between species. Once depos· 
ited., particle are either retained or cleared; the retained particle are either inte.rstitialised 
(parameters inonnal• imox) and removed to the lymph nodes (e) or cleared by macrophages (cl). 
The retention and clearance of particle is k.,1own10 vary between species (Bailey, Fry, and James 
1985). The impairment of particle clearance following overload (s112) is also known to be species 
dependent (Bermudez et al. 2002, 2004; Elder et al. 2005). 

Table 20.7 lists the model parameters that were either estimated or caled to humans. The 
remaining parameters were kept fixed at the values estimated from animal data. 

20.5.1 METHOD FOR EXTRAPOLATION 

The following method was used io e trapolating (animal based) model parameler3 to thei.r human 
equivalenL . 

1. For Exposure (Concentration, lstart, lfina1) 

We replaced the parameters for concentration and duration with the relevant human 
occupational equivalents (e.g., 4 mg m - and working life time of 45 years), 

2. For Deposited Dose (Ventilation rate, Deposition fraction) 
We used data available from Hattis ct al . (200 L) (see Table 20.8). 

3. For Retention and Clearance (cl, e, inormah imM) 
We scaled parameters inver ely with the ratio of pulmonary surface area to the power 

0.25, in accord with the method oflngs ( l 990). The derivation of this extrapolation factor 
for kinetic _parameters is provided in O'Flaherty (1989). 

e.g., cl humnn = cl,a1 (rat pulmonary surface area /human pulmonary sutface 
atea)°-25 • This produces an estimate of the ltmg clearance rate for humans that is 
consistent with other estimates of the rate for humans (Bailey, ry, and James 1985). 

TABLE 20.7 
Model Parameters to Be Converted to Human Equivalents (For the Definition of the 

Parameters for Retention, Clearance, and Cell Recruitment, see Table 20.2) 

E. posure 

Co11centr111ion 

'·'""' 
lfinol 

Daily e~osure pen'od 

Deposited Dose 

Ventilation rate 
Deposition frnclion 

Retention and Clearance 

cl 

e 

S111 

inormol 

ifflll 

Cell Recruitment 

Rec 
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TABLE 20.8 
Central Value for Ventilation Rate, Deposi1ion Fraction and Clearance Kait .. :-:~ Their 

Distribution 

Parameters Distribution log10(GSD) Mean 

Ventilation rate Log-normal 0.12 ] .7 (m3/h) 

Depositionfr(Ictia,1• Log-normal 0.30 0.092 
Clearance (cl) Log-normal 0.21 0,0036 (dl\y - ' ) 

• This depeads on I.he particle MMAD. Abbreviations: MMAD. mass median aerodynamic diameter; GSD, geomclric 

standard deviation. 

Source: From Hartis, D., Goble, R. , Russ, A., Banati, P., Chu, M., Risk Anal., 21(4), 585- 599, 2001. 

4. For 'Threshold Burden (swi) 
Following Mo1Tow (1988), we expressed the critical Jung burden in units of mg/g 

lung of rat then multiplied by human lung weight to get an absolute value for Lhis 
parameter for humans. We then converted into particle s urface area units using tJ1e 
specific surface area of the Ti02• 

5. For Cell Recruitment (Rec) 
The recruitment of PMN and their removal are events that take place in relation 

to the particle dose interstitialised from the rat alveolar epithelial surface area. As 
humans have a much larger surface area, the recruitment rate for PMNs is scaled 
down with the ratio of pulmonary surface areas (rat/human). 

6. For Parameter Disu-iblltion 
This approach was applied to all model parameters (Table 20.9) except for the 

veolilalion rate, deposition fraction, and clearance rate, for which we have indepen­
dent information from Hatti et al. (200 I). These parameters' distribution 
characteristics are given in Table 20.8. One thousand randomly generated parameter 
sets for humans were generated. 

20.5.2 RESULTS 

20.5.2.1 Results from Parameter Extrapolation 

Table 20.9 shows the mean values for each of the paramerers, for rats and for humans. The darn 
available from Battis et al. (2001) were used to construct the distribution of values for the venti­
lation rate, deposition fraction, and clearance rate in humans lung surface area is from parent 
(1992). The results are shown in Figure 20.7. 

20.5.2.2 Simulation Results 

The human-scaled model was run for the I 000 human parameter sets, for a human population with a 
45-year exposure at 4 mg m - 3 of respirable dust (Ti02) , working on an 8-h shift per day and 
250 days per year (Tran e l al. 2003). The results for the three main assays: lung burden, lymph 
node burdeo. and number of PMN cells, a.re shown in Figure 20.8. 

For each assay, the upper curves represent the 95th, 90th, 85th, and 70th percentiles of the 
variation, The two lowest curves for each assay are generated using the centraJ values in 
Table 20.9 and the 5th percentile. At a level of 4 mg rn - 3, the extrapolated model predicted 
the occurrence of overload in approximately 30% of the human population. This is indicated 
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TABLE 20.9 
The Rat Based Model Parameters and Their Extrapolated Counterparts 

i.:.,'~°7:?tPr Rat Human 

Exp0$t//'I! 
Concentration (mg m -;1) 4 4 

1,, ... (yr) 0 0 
lend (yr) 2 45 
Deposited Dose 
Deposition fraction 0.06 0.32 

Ventilation rate (m3/h) 0.18 13.5 

Hours exposed (h/day) 7 8 
Retenrion and Clearance 
cl (day- 1) 0.015 0.0036 
ioo,mol (day-') O.D3 0.0072 
i.,.0, (day - 1) 1.8 0.4347 
e (dny- 1) 0.l 0.0242 

m112 (mg) 5.8 4.05x 1<>3 
Cell Recruitment 

/?.l;!C 0.025 8.61x10-j 
Lung Paromecers 
Lung weigh! (gm) J.43 1000 

Lung surface area (cm2) 4865 1430000 

in the retardation of clearance io the build up of lung burden for Lhe 95th, 90th, and 85th 
percentile curve . The pattern of overload diminished at lower percentiles, and from the 70th 
percentile, pulmonary clearance of dust is unimpaired. To find the level of airborne concen­
tration such that 95 percent of the population can avoid overload, further extrapolations at 
lower exposure concentrations were needed. Simulations w1tb stepwise decreases in concen­
tratfon were made until concentration reached a level such Lhal the 95 percent of the 
population does not develop overload wHhin a lifetime working exposure. This critical 
exposure level was found to be 1.3 mg m - 3• Also, at this concentration, the predicted PMN 
level was low compared to the population of AM (7x109 cells) (Crapo et al. 1983; Dethloff 
and Lehnert 1988). Therefore, 1.3 mg m - J could be interpreted as a Noo-Observed-Adverse­
Effect-Level (NOAEL) for human (Trans el al. 1999). 

Figure 20.8 and Figure 20.9 show the results of the further extrapolations: the upper cur e 
represents the 95th percentile level for each. assay. The central curve is obtained from the central 
values in Table '20.9 and the lower curve represents the fifth percentile. 

20.6 HUMAN LUNG DOSIMETRY MODEL 

The work above has illustrated an approach to obtain a human lung dosimetry model by extra­
polating the animal-based results. Now, we introduce a biologically based human dosimetric lung 
model, developed to describe the long-tenn clearance and retention of respirable particles in the 
lungs of humans. This model has a unique advantage of being validated with human data. 

The data u ed in developing this model included working lifetime exposure histories of lung 
burden data from an autopsy study in U.S. coal miners (Vallyathan et al. 1996). Several models 
describing the plausible mechanisms of particle retention and clearance in humans were initially 
investigated, including: (1) overloading as observed in rat lungs, (2) particle sequestration in the 
lung interstitium, and (3) a combination of both processes. The fits of these model~ to the coal miner 
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data were evaluated using statistical methods to determine which mechanism may best describe the 
particle clearance kinetics in the lungs of these humans (Kuempel 2000). 

The results showed that a one-compartment rat lung overload model under predicted the lung 
burdens in the miners with relatively low lifetime exposures and overpredicted the lung burdens in 
the miners with the higher exposures. This is because at low exposmes, the rat model is a simple, 
first-order kinetic model that predicts effective clearance and very little particle retention in retired 
miners' lungs. However, at high exposures, the rat model predicts impaired clearance and much 
higher retained burdens than those actually observed in coal miners. 

The model structure that provided the best fit to the coal miner data was a three-compartment, 
higher-order model with an interstitial or sequestration compartment (Kuempel et al. 2001a). This 
model includes alveolar, interstitial, and hilar lymph node compartments (Figure 20.10). The form 
of the model that provides the best fit to the lung dust burden data in these coal miners includes a 
first-order interstitialisation process and either no dose-dependent decline in alveolar clearance or 
much less decline than expected from rodent studies. 

Key: D is the dose rate of deposited particles; first order rate coefficients include alveolar­
macrophage mediated clearance of particles to the tracheobronchial region (KT), transfer of 
particles into the pulmonary interstitium (Kr), and translocation of particles to the hilar lymph 
nodes (KLN); Fis an exponential decay function that describes overloading as a dose-dependent 
decline in KT; and M is the particle mass in a given lung region, including that cleared to the 
tracheobronchial region (MT) , or retained in the alveolar (MA), interstitial (M1), gas-exchange 
(Mw) , or hilar lymph node (Mw) regions. 



Biologically Based Lung Dosimetry and Exposure-Dose-Response Models 371 

30[ 

25. 

]; 20 
C: 
CD 
~ 
:J 
.0 
O> 
C 
:J 
_J 

(a) 

J!!_ 
ai 

15 

10 

5 .. , 
0 

0 

6 

5 

95 90 85 

: 

. 
. .· 

... / : 

. 
--~~:·.~·. ~::·::: ...... ,..• 

.. 
70 

10 20 30 40 
Tfme (years) 

(J 3 
a 

:· ........... .... .. .... . ....... . .............. . . 95 

] 2 k'"" .......................................... 90 
~ _ . ..... •• ..................... . ........ ........ 85 

z 1 ; ... /· 

.. o~===========~ 70 

0 10 20 40 
(c) Time (years) 

E 70 I 
.s 

60 

"' 
50 

~ 40 :J 
,0 
a, 

"C 
0 30 
C: 
..c 
a. 20 
E 
3' 

10 

0 
0 

(b) 

~~~~~~~~~~~~-........ ~ ~5 .. · 
~ .... 

.,· 

.. .... ········ .,· .·· ..· 
.. ·· ,• 90 .. . ...... 

•••• •·•••••••••• •••• 85 

.-·~···.-~·~·~::·,: : :::::.·,·,:: ............. ~~~:.:~::~~·.· ·. •. •• 70 

10 20 30 40 
Time (years) 

FIG URE 20.8 Simulation of tbe dose- response to 'J'i02 in humans. (!\) Lung burden, (b) Lymph node burden, 
and (c) Number of PMN cells. Each curve represents the 95th, 90th, 85th, and 70th percentile of U1e variation in 
each assay. The two lowest curves for each assay are generated using respectively the central value in 
Table 20.9 and the 5tb percentiles. 

20.6.1 MODEL EQUATIONS AND DESCRIPTION 

Thi three-compartment human Jung model describes t.be kinetics of particle mass transfer in the 
lungs. The model consists of a series of nonlinear differential equations that are integrated over time 
to predict individuals' lung and lymph node particle burdens. 

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

(20.20) 

where Ro is the deposition rate (mg/yr) of inhaled, respirable partic1es into the alveoli (described in 
Equation 20.21). RT is the clearance rate (mg/yr) of partic1es from the alveoli to the tracheobronchi 
(Equation 20.22). R1 is the transfer rate (mg/yr) of particles from the alveoli into the 
interstitium (Equation 20.24). 

(20.2 1) 

where F 0 is the fractional deposition (fraction of the inbaJed particle mas that is deposited in the 
alveolar region of the lungs; C1 is the airborne concentration of dust inhaled (mg/m3); V1 is the 
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of PMN cells. For each a say, the upper curve represents the 95th percentile of the variation; Che two lowest 
curves are generated using respeclivf:lly the central values in Table 20.9 and the 5th percentiles . 

volume of air inhaled in an 8-h work day (m3/d) · and dis the days worked per year (d/yr) (estimated 
as 5 days/weekx50 weeks/year). 

(20.22) 

where KT is Lhe first-order rate coefficient (d - l) for particle clearance from the alveoli to the 
tracheobronchi. MA is defined in Equation 20.20; 365 is the days per year, co convert RT to units 
ofyr- 1; and Fis defined in Equation 20.23a and Equation 20.2 b. 

(20.23a) 

(20.23b) 

where Fis a dose-dependent modifying factor of KT, Mmin and Mmax are constants represenling the 
human-equivalent minimum and maximum critical lung dust burdens at which ihe dose-dependent 
decline in the alveolar clearance rate coefficient begins and reaches a maximum, respectively, 
as predicted from rodent studies (see next section) ; MA is defined in Equation 20.20, When 
MA <Mmin, Fis sec equal to l; when MA>Mrrun, F equals a value (between O and l) that is 
determined by B. C is a shape parameter (set to 1 in this model). 

(20.24) 
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FIGURE 20.10 Three-compartment human lung dosimetry rnode1. (From Kuempel, E. D., O'Flaherty, E. J., 
Stayner, L. T., Smith, R. J .. Green, F. H. Y., aod Vallyathan, Y., Reg. Toxicol. Pharmar.o/., 34. 69-87, 2001a 
With permission.) 

where K1 is the fir.t-order rate coefficient (d- 1) for transfer of particles from tbe interstitium to the 
Jung-associated (hilar) lymph nodes. MA is defined in Equation 20.20; and 365 converts R1 to uni ts 
of year- 1• 

The rate of change of particle mas in lh interstitium (M1) at any time (c) i defined as 

(20.25) 

where R1 is defined in Equation 20.20 and Equation 2025. RLN is the translocation rate (mg/yr) o[ 
particle from the interstitium to tbe lung-a sociated (hilar) lymph nodes, as follows 

(20.26) 

where KL.N is the first-order rate coefficient (d- 1) for translocation of particles from the i.ntersti.tium 
to the hilar lymph nodes. M1 i defined in Equation 20.25; and 365 converts RLN to units of yr - 1. 

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

(20.27) 

where RLN is defined in Equation 20.26. 
The mathematical equations in tbe three-compartment model reflect the biological structures 

and kinetic processes i.11 human lung that influence re pirable particle clearance and retention. The 
build-up of particles in the alveolar compartment is determined by the rates of particle deposition, 
AM-mediated clearance, and pruticle transfer into the interstitium (Equation 20.20). The deposition 
of particles in the alveolar compartment is assumed to occur at a rate proportional to the concen­
tration in inhaled air, i.e., a first-order process (Equation 20.21 ). AM-mediated clearance is 
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described as a first-order process at lung burdens below those potentially causing impairment of 
clearance (Equation 20.22). Ar higher lung dust burdens, AM-mediated clearance can be described 
as dose-dependent, declining exponentially (Equation 20.23). The model also assumes that some 
particles w111 escape poil~c~•tnsis by AMs and enter the lnten~tit.:;,111 at a constant cate (Equation 
20.24); this will occur even at low lung dui,;t iJUl'Clens, below the estimated human-equivalent dose 
associated with overloading of alveolar clearance. The buildup of particles in the interstitinm is 
described by the difference in the rates of particles entering from the alveoli and particles leaving to 
the lung-associated lymph nodes (Equation 20.25). The rate of particJe translocation to the lymph 
nodes is also assumed to be first-order (Equation 20.26), and the accumulation of particles in the 
lymph nodes occurs only by particles passing through the interstitium (Equation 20.27). Tue rate 
coefficients for these processes are estimated by the model fitting and parameter estimation 
(Kuernpel et al. 2001a). By suitable integration, the model equations also enable prediction of 
the amount of dust in the lung and lymph node compartments at any point in time. 

20.6.2 MoDEL PARAMETER DESCRIPTION AND EsTIMAT-ION 

The initjal model parameter values were based oo data available in rhe literature. Some of these 
parameters were fixed wniJe others were allowed to vary to optimize the model fit to the data. The 
fixed values include: fractional deposition (F0 ) in the alveolar region of the lungs for particles with 
mass median aerodynamic diameter of 5 µm, assuming mouth breathing at inhalation rate of 
1.7 m3/h (ICRP 1994); the volume of air inhaled (V1) in an 8-h work day (m

3/d), for heavy 
work, defined as 7 h of light exercise and I 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 (d/yr) 
(estimated as S days/week x 50 weeks/year). The fixed parameters in the expression describing the 
ovetloading of alveolar clearance include the estimated human-equivalent lung dust burdens 
associated with the beginning of decline in the alveolar clearance rate coefficienl and !he 
leveling-off of that decline (Mmin and Mmm respectively, in Equation 20.23a and Equation 
20.23b above). 

The parameter values that were allowed to vary in optimizing the fit of the model to the data 
were KT, Ki.N, K1, and B. Because a primary objective was to evaluate clearance kinetics of particles 
in humans, includlng the possibility of overloading of alveolar clearance as observed in rodents, the 
deposition parameters were fixed at the average human values in the literature (1CRP 1994), and the 
clearance parameters were iteratively varied to determine the besr fit of the model to the data. A 
systematic grid search approach was used lo determine the parameter values that provided tbe best 
fit of the model to the data (Kuempel et al. 2001a). A sensitivity analysis of the model parameter 
values was performed (K.uempel et al. 2001b). Tbe distribuLion of clearance rate coefficient was 
estimated , which provided quantitative information about the plausible particle clearance rates in 
this cohort (Kuempel et al. 2001 b). These values were consistent with values previously reported 
for long-tenn particle clearance in humans (Bailey, Fry, and James 1985). The model parameters 
are desc1ibed in Table 20. l 0. 

The optimized parameter values and statistical model fit are shown in Table 20.11. The 
model with tbe best fit (lowest mean squared error) was the three-compartment model with 
interstitial-sequestration compartment but with no dose-dependent decline in AM-mediated 
clearance. 

Prom Table 20.11, the optimal choice, i.e., the three-compartment model with first-order 
interstitialisatioo and effective (no overload) alveolar clearance, was chosen and simulated, 
assuming the mea,n exposure to respirable coaJ mine dust among all miners in this study 
(3 mg/m3 for 36 years) (Kuempel et al. 200 la). Tbe results are presented graphically in 
Figure 20.11. 

A sensitivity analysis was performed to determine which model parameters are most 
influential in the model prediction of two key variables: the lung and lymph nodes burden 



Biologically Based Lung Dosimetry and Exposure-Dose-Response Models 375 

TABLE 20.10 
Description of Variables and Constants in Three-Compartment Human Lung Dosimetry 
Mu·J·~ 

Abbreviation 

Fo 

C 

M"''"' 

Units 

None 
m3/day 
Days/year 

mg/m1 

Years 
day - I 

duy- 1 

day - I 

None 
None 
None 
mg 

mg 

Description 

Fractional deposition of airborne respirable dusl in al ·eolar region 
Volume of au inhaled in 8-h day, heavy work 
Days ex.posed/year 
Mean concentration of re.sp1rable coal mine dust inh!l.led. by job' 

Duration of exposure, by job' 
Rate coefficient, alveolar macrophagt-mediated clearance to 

lracheobronchi 
Rate coefficient, transfer from alveoli to intersritium 
Rate coefficient, translocntion from interstidum to hilnr lymph nodes 
Ex.ponential decay function, dose-dependent reduction in KT 
Slope modifier of F 
Shape modifier off 
Minimum lung dust burden associated witll beginning of 

dose-dependent decline in KT 
Maximum lung dust burden associated with leveling off of 

dose,<lependent decline in KT 

' Individual work history data for each miner (input data . 
S011rce: From Kueinpel, E. O .. O'Flaherty. E. J., Stayner, L. T. , Smith, R. J_, Green, F. H. Y .• and Vallyathan, V., Reg. 

To, icol. Pharmacol. , 34, 69- 87, 200 I a. With permissi n. 

(! uempel et al. 2001b). Each model parameter of the optimal parameter et was allowed to 
change by ± JO percent ot the central value giveo in Table 20.11. The summary staustrcs, 
mean squared error and mean bias, were calculated for tbe two variables. The results of chi 
exercise are hown in Table 20.12. 

It is clear that any change which results in a higher retention of lung burden, sucb as a higher 
deposilion, lower clearance, or higher interstitialization, will lead to a hjgher mean squared error for 
lung bmden. ln particular, the predicted lung burden is mos-t sensitive to the deposition rate. For the 
predicted lymph nodes burden, as expected, the deposition rate and the translocation rate co the 
lymph nodes are most sensitive. 

20.6.3 APPLICATION OF HUMAN L UNG DOSIMETRY MODELING IN RISK ASSESSMENT 

In this section, we describe an alternative biomathematical modelling approach co that described in 
Section 20.5. In Section 20.5, a rat-based exposure-dose-response model is extrapoJmed to humans to 
predict the worki.ng lifetime exposure concentration ofTi02 that is not likely to resuJt ill _pulmonary 
inflammation, based on the rat model. Here, a human-based lung dosimetry model (Sections 20,7.1 
and 20.7.2) describing the exposure-dose relation hip of respirable particles is used in conjunction 
with a statistical model of the rat dose-response relationship for particle surface area dose in the 
lung and initiation of pulmonary inflammation following inhalation exposure to flnesized Ti02 or 
BaS04• This illustrates two different biornathematical modeling approacbes to the ame rat data 
(Tran et al. l 999). First, the relationship between particle surface area dose and pulmonary inflam­
mation in rats was investigated using a statistical approach. StatisticaJ models do not e_Xplicitly model 
the biologlcaJ mechanisms; rather, they involve fitting a mathematical expression to the data. 
The data used here are from the subchronic inhalation study in rats exposed to fine Ti02 or 
BaS04 (Tran et al. 1999) described earlier. Specifically, individual rat data were obtained for 
PMN count in the lungs. Different groups of rats were used to estimate retained particle lung burden. 
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,A8i.f :.w.11 
Optimized Parameter Values ancf Si .. ~:s irat Fit o~ the Three-Compartment Human Lung 
Dosimetry Models, by Degree of Overloading of Alveoia:r -tv1a.::r.::.phag- .,,\~e~i.,.ted Clearance 
in Human Interstitial/Sequestration Model 

Model Parameter" 

Fo 
V. (mJ/day) 
d ( da ys/yeat) 

Kr (years) 

Ki (day- 1) 

KLN (day- 1) 

B (day - 1) 

C 

Dataset 

All Miners (n = 131) 
Miners With bilar lymph 

uode burden data 

(n = 57) 

Miners with no post-
C/rj)OSUre duration 
(11= 11) 

Model Structure and Optimized Parameter Value 
---------

No Overload 50% Overload 90% Overload 

Q_l2 - b _b 

13.5 ~ _b 

250 _ b _b 

1.·10- 3 1.5 X 10- 3 1.4xl0- 3 

4.7X 10-• 1.ox10-~ 3X LO-~ 

t x lO-s I 10 -s l X 10-• 

0.000] 0.69 2.3 
_b _b 

1.05x 102 _b _b 

l.05x 105 _b _ b 

Statistical Fit of Model to lung Burden and Lymph Node Burden Data: Mean Squared 
Enor (MSE) 

No Overload 50% Overload 90% Overload 

79_3 85.8 231 

94.7 106 354 

1.3] 0 119" 2.1s• 

70.0 68.9 148 

• Parameter descriptioo provided tn Table 20.1 Q_ 

b Fixed at values ia no overload model. 
< MSE for hilar lymph dust node burden (g)_ 

Source: From Kuernpel , E. D .. O'Flaherty, E. J. , Stayn~r. L. T .. Smith. R. J.. Green, F. H. Y .. and Vallyathan, V .. Rtg. 
foticof_ Phannar;o/_, 34, 69-87, 20Ula. With permissfon. 

he following piecewise linear model fit was fit to the PMN data (Figure 20. 12) (Kuempel er al. 
2005, N1:0SH 2005). 

(20.28) 

where df is the dose for the ith rat; 'Y is the threshold parameter; B0 is the mean PMN count for dose 
of zero or up to 'Y~ and B1 describes the effect of dose above 'Yon the mean PMN count. 

Tbfa nonJinear equation was .fit to the dala using maximum likelihood estimation of the para­
meter values. Approximate confidence limits were found using profile likelihood and validated 
using parametric bootstrap methods. The maximum likelihood estimate (MLE) of the threshold 
dose was 139 cm2 (95% confidence interval estimates: 130-144 cm2), based on the model fi1 to the 
Ti02 and BaS04 data from Tran et al. ( J 999). The threshold dose (MLE and CI) was considered the 
"critical" dose for initjation of pulmonary inflammation in rats, and this critical dose per g of Jung 
tissue was assumed to be the same in rats and humans (i.e., equal sen itivity to equivalent dose 
assumed) (Jarabek et al. 2005) (Table 20.13). The estimated critical lung dose as particle surface 
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FIGURE 20.11 Predicted mass of particles retained in various lung compartments over time "Deposited'' 
refers LO the alveolar region of the lungs, and "cleared" mean from the aJveoli co lhe mucociliru:y clearance 
path in the tracheobronchial region. (From Kuernpel, E. D., O'Flaherty, E. J., Stayner, L. T. , Srnith, R. J.. 
Green, F. H. Y., and Vallyatban, V., Reg Toxicol. PharmacoL, 34, 69-87, 200Ja. With permission.) 

area is the same for fine and ultrafine particles ('Table 20.13) due to the consistent relationship 
between particle urface area dose and PMN response (whether particle size is fine or ulo-afine) 
(Tran et al. 1999; Oberdorster et al. 1994). To calculate the critical dose as particle mass per whole 
lung in humans, the critical dose as particle surface area (m2 Ti02/g lung) was divided by the 
particle specific surface area (m2 Ti02/g TiO._) and multiplied by the human lung mass (assumed to 
be 1000 g v . 1 gin rats) (Table 20.13) (Kuempel el al. 2005; NIOSH 2005). 

The critical dose estimaLes as particle surface area were converted to mass dose because 
the lung dosimetry models are ma s-ba:,ed, as are workplace exposure limits . Jn addition to th.e 
interstitial/sequestration model described here (Section 20.6), the rvt:PPD human lung dosimetry 
model (CllT & RIUM 2002) was used for comparision. These models were used to estimate 
tile airborne concentrations of either fine or ultrJ.fine Ti02 over a 45-year working lifetime that 
would be associated with an increase in pulmonary iutlacrunation, derived from the rat data 
(Table 20.13) (Kuernpel et al. 2005; NIOSH 2005). The arithmetic mean parameter estimates 
for KT and KLN fr m Tran and Buchanan (2000) were used io the interstitial/seguestration 
model since those values were based on the larger U.K. miner cohort with more detailed 
exposure data than the U.S. study. The two lung dosimetry models (IvlPPD and interstitial/ 
sequestration) provided similar estimates, although the MPPD model prewcted higher airborne 
concentrations by a factor of approximately two, due to prediction of lower lung burdens by 
the same factor. In other words, the interstitial/sequestration model predicted higher average 
lung burdens for a given external exposure tbao did the MPPD model. The MPPD model uses 
the fCRP (1994) clearance model, which includes three first-order clearance rate coefficients 
for the alveolar region aod has been shown previously to prewct lower lung burdens than the 
interstitial/sequestration model (Kuempel and Tran 2002). Deposition was similar in both 
model , as the e timated fractional deposition from the MPPD model (CIIT & RIUM 2002) 
was also used as the deposition fraction in the interstitial/sequestration clearance model. 



TABLE 20.12 
Sensitivity of Best Group-Fit Model Parameters for Deposition and Clearance among Miners with Lymph Node Data (n= 57) 

Parameter and Percent Change in Percent Change ,n 

Specified Change from Mean Predicted Lung Output with 10% Mean Predicted Lymph Output with 10% 
Initial Value~ Mean Squared Error Mean Bias (g) Dust Burden (g) Change in tnputb Node Dust Burden (g) Change in Input'· 

Default values'1 95.2 +0.99 14.2 -· 1.41 
., 

Fo +10% 101.0 -0.59 15.6 +9.8 1.55 +9.9 

Fo - to% 95.5 +2.3 12.9 -9.2 t.JO -7,8 

KT +1 0% 94.0 +2.0 1'.3 -Ci.3 l.33 -5.7 

Kr - 10% 9 .6 - 0.15 [5.2 +7.0 l.50 +6.4 

K, +10% 98.l +0.03 1 .0 +5.6 l.50 +6.4 

K, - lM'o 93 .8 2.0 13.2 -7.0 1.31 -7.1 

KLN +10% 95.0 +1.0 14.0 - l. l.54 +9.2 

Kui - 10% 95.5 + 1.0 14.3 +0.7 1.28 -9.2 

• Po, fractional deposition; first-order rate coefficients: KT, alveolar macrophnge-medinred clearance of particles to the tracheobronchi; K1• transfer of particles to the interstitim ,1; KLN, 

translocution of particles to the hilar lymph nodes. 

b Output is mean predicted lung burden. 
0 Output is mean predicted lymph node burden. 
d FD= 0.12; KT =8.8>·10 - 4 d"1; K, =4.5x10 - • d' 1; Ku .. = 1.ox10- 5 1C'. 
0 Not applicable because percent change is relative to the default values. 

Source: From Kuempel , E.D. , Trnn, C.L., Smith, R. J., and Bailer, A. J,, Reg. To.xicol. Phannacol., 34, 88-101 , 200 lb. With permission. 
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FIGURE 20. 1 2 Piecewise-linear and linear model fit to ra! data on pulmonary inflammation (PMN count) 
and particle surface area dose of titanium dioxide. (Data from Tran, C. L., Cullen, R. T., Buchanan, D .. Jones, 
A. D., Miller, B. G., Searl, A., Davis, J. M. G., and Donaldson. K Investigation and Prediction of pul(Tlonary 
responses to dust. Part II. In Investigations into the P11Lnionary Effect of Low To:x1city Dttsts. Parts I and Il., 
HealtJ1 and Safety Executive, S\Jffolk, UK, Contract Research Report 216/J 999. J 999.) 

TABLE 20.13 
Airborne Mass Concentrations of Fine and Ultrafine Ti02 (Over a 45-Year Working lifetime) 
and Human-Equivalent lung Burdens Associated with Pulmonary Inflammation in Rats 

Human-Equivalent Critical Lung Dose: MLE Mean Airborne Exposure Concentr11tion: MLE 
(95% LCL) (95% LCL) {mg/m3) 

Particle Surface 
Particle size Area (cm~/g lung) 

Fine (2.l µm MMAD, 139 (130) 

2.2 GSD; 
6.68 m2/g) 

U!trafine (0.8 µm 139 ( 130) 

MMAD. 1.8 GSD; 
48 m2/g) 

Particle Mass 
Cg/lung) 

2.1 (J.9) 

0.29 (0.22) 

Multiple-Path 
Particle Deposition 

(MPPD) Lung Model 
(CIIT & RIVM 2002) 

(mg/m3 ) 

2.0 (l .8) 

0,22 (0.17) 

f nterstitial Lung 
Model (Kuempel 

el al. (2001 a, 2001 b) 
and; Tran and 

Buchanan 2000) 
(mg/m3) 

1.1 (0.9) 

0 10 (0.08) 

Abbreviations: MJ\,lAD. rnasfi median aerodynamic diame1cr; GSD geometric standard deviation; MLE, Maximum 
likelihood estimate; 95% LCL, 9.5% lower confidence limn. 
Source: From Kuernpel, E. D .. Wheeler, M., Smith. R., and Bailer, A. J., Nanomateri11/s: A Risk to Ht!alth at Work? F'irst 
lntemQclional Syrnposilfm on Occupational Health lm.p/icotirms of Nanomateria/s, 12-14 October 2004, Buxton, Derbyshire, 
UK., Health and Safety Executive, U.K.. Buxton, \II , 2005; N10SH, 2005. NIOSH Current lnlelhgence Bulletin:Evaluation 
of f-lealth Hazard and Recommendations for Occupational Exposure to Titanium Dioxide. Unpublished Public Review Draft, 
November 22, 1005. Cincinnati, OB: U.S. Department of 1-iealth and Human Services, J;"'ublic Health Service Centers for 
Disease Control and Prevention, ational lnsritute foe Occupational Safety and HealtJ1. 1.58, Available at: 
bttp:l/www.cdc.gov/niosh/docs/preptint/ti~pdfsm02brnf'Lpdf. 
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20.7 OJ~f'I ISSION 

20.7.1 THE CoNTR1sunoN OF Dos1Mmm: MODELING TO PARTICLE Tox1cowcv 

In modeling complex biologicaJ processes, it is often possible to describe broad trends usiug .;irc,p!P 
regression or other statistical models. However, when il is desired to model the evolution of a 
process over time, and particularly when the status of the process at any time point influences its 
subsequent course, it is necessary to develop dynamic models based around differential equations. 
ln either case, the model will be more plausible if based upon an understanding of the underlying 
biological mechanisms, 

A model is a mathematical equation or system of equations that, given quantitative inputs, 
predicts certain outputs; and, given the same inputs, the output prediction will always be the same. 
In considering the relevance of model predictions to real-life situations involving populations of 
animals or of humans, there is an additional need to allow for the variation to be expected in any 
such popu lation. 

The present work has extended our earlier deterministic rat lung dosimetry model by allowjng 
stochastic variation in the parameters, which in turn induces variation in the outputs. Since the input 
variation is under our control and known, we can investigate the relationships between input and 
output variation. Such investigations are commonly labeled "sensitivity analysis" when the focus is 
on the effect of small variations in the inputs, and "uncertainty analysis" when we consider the 
entire range of variation (Saltelli, Chan. and Scott 2000). In the rat model presented here, we have 
used Monte Carlo simulation, with plausible assumptions for parameter variation. to generate a 
pseudo-sample of 1000 instances from an jdealized population of rats. By extrapolating the results 
from this exposure-dose-response model jn rats to humans, we have predicted exposure concen­
trations oJ poorly soluble particles such as Ti02 tbat are not expected to result in lung clearance 
overload and the onset of inflammation in most workers. We believe that our approach to this 
problem is novel, by using biomathernatical lung models in the risk assessment of poorly soluble 
particles jncluding nanoparticles. 

It is clear that these extensions to the basic process of dynamic modeling introduce a number of 
new assumptions, and that the plausibility of the results rests in large part on the plausibility of the 
assumptions, in particular on the implied ranges nf variability. At the same time, biomathernatica.l 
lung models can play an integral role in research on the toxicoldnetics of inhaled particles. These 
models are useful in the design of experimental stucties, such as by identifying the research and data 
needs to validate key parameters and by facilitating the generation and testing hypotheses on 
biological mechanisms. 

The rat lung dosimetry model described here was extrapolated to humans by using human 
parameter values where available (e.g., the deposition fraction) and by using appropriate allometric 
scaling methods when human parameter values were not available and needed to be estimated. Data 
available from literature (Hattis et al. 2001) regarding the variation in some key parameters in 
humans, sucb as the deposition fraction and clearance rate, have shown a much wider variation than 
the observed variation in animal data. This was no surprise as the rats are all from the same strain 
and the same supply. · 

A Monte Carlo simulation of UJe rat biomathematical model exlrnpolated to bumans,predicted 
that for a working life-time exposure to fine Ti0 2 at 4 mg· m -J, only 70 percent of the population 
would avoid overload (Section 20.5.2.2). A concentration level such that 95 percent of the popu­
lation would avoid overload was found to be 1.3 mg ·m- 3

. At this level, the PMN number was not 
elevated (Figure 20.9). Therefore, 1.3 mg· m -::i is an estimate of a working lifetime exposure 
concentration to fine-sized Ti02 that is not expected to result in lung d isease associated with 
pulmonary inflammation, based on the rat biomathematical lung model extrapolated to humans. 

We have also taken a direct approach at modeling the buman exposure-dose relationship for 
respirable particles. For bumans, the overloading oflung clearance of particles as observed in rats bas 
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not been demonsu·ated exposure-dose relationship for respirab)e particles, although a study of lung 
dust burdens in retired coaJ miners showed that particle clearance rates were reduced ur ev<>n 
undetectable in some miners (Freedman and Robinson 1988). Thls finding is consistent witb particle 
uvcrloacliJJ1rm-!!>e lungs of rodents, in which c1ea•·?..n::c becomes :impaired at high lung dust burdens 
and the impairment continues aflerexposure ceases. However, the findings are also consistent with a 
sequestration process, in which particJes are transferred (as a first-order process) to the interstitial 
region of the lungs and retained, with very slow clearance to the hi Jar lymph nodes, as shown in tbe 
lung dosimetry modeling in coa) miners. We hav-e constructed various models representing different 
degrees of overload and found that the model structure that provided the best fi t to the coal miner data 
was a higher-order model with an interstitial or sequestration compartment (Kuempel 2000; 
Kuempel et al. 200 J a). The model representing the rat-based overload kinetics did not improve 
the model fit to the data, although a lesser degree of overloading could not be ruled out. This model 
structure was validated in an independent study of U.K. coal miners (Tran and Buchanan 2000). In 
addition, in that study where inclividual miners' working lifetime quartz exposure data were avail­
able, it was shown that q1:1artz translocated to the hilar lymph nodes at a faster rate than coal dust. The 
optimized parameter values were consistent with but not identical in the two coh011s. 

The human model structure with an interstitial or sequestration compartment is consistent with 
the observations in retired coal miners (Freedman and Robinson 1988) and with observation of 
particle retention in the interstitium of human lungs (Nikula et al. 1997). This human model structure 
is compatible with some of the animal models, which include both sequestration compartments and 
dose-dependent overloading (Strom. Johnson, and Chan 1989; Stober et al. 1990a, 1990b; Stober, 
1999; Tran et al. 1999, 2000), although the additional overloading pathway was not needed to fil the 
coal miner data. A principal difference in this human model compared to theICRP and NCRP models 
is that Jt treats the alveolar and interstitial regions of the lung as separate compartments, which 
reflects both the biological structure of the lungs and the disposition of particles in these regions. 

Further research is needed on whether interspecies differences in particle retention sites within 
the lungs may influence the sen~itivity to a given lung dust burden, and influence the disease 
response. The findings from this study also suggest that a human lung dosimetry model without 
an interstitialization or sequestration companment would not be adequate for predicting the end­
of-life lung dust burdens in humans-at least not among those with high dust exposures such as coaJ 
miners (Kuempel and Tran 2002). Other data sets, panicularly those including individuals with low 
exposures, are needed for furlher validation of this model and are ongoing. 

Finally, we have also used a more empirical approacb, based oo a statistical model, to estimate a 
threshold lung burden of fine and ultrafine Ti02 at which pulmonary inflammation begins in rats 
(Section 20.6.3). This estimate of a critical lung dose at which pulmonary inflammation begins is 
assumed to be equivalent in rals and humans. That is, in the absence of human data, an equivalent 
particle surface area dose in the lungs in either species is assumed to elicit an equal inflammation 
response. Next, the human lung dosimetry models were used to estimate tbe working lifetime 
exposure concentration that would lead to an equivalent critical lung burden (Table 20.13). 
These results show that, as expected, tbe mass airborne concentrations associated with a given 
particle surface area dose in the lungs is lower for ultrafine Ti02 than for fine Ti02. This is due to 
the dose~response relationship between particle surface area dose and pulmonary illflammation. and 
to the higher surface area per unjr mass of ultrafine Ti02 compared to fine Ti02 . Despite the 
different biomathematical and statistical models used to fit the rat data, the risk esti.mates are 
similar. The lower bound estimates for fine-sized Ti02 (95% LCL of 0.9 or 1.8 mg/m3

) (Table 
20.13), based on the statistical modelling of the rat doseresponse data and the hwnan bioniathe­
matical exposure-dose model, are similar to the 95% LCL (1.3 mg/m3

) estimated earlier using the 
rat biornathematical exposuredose-response model extrapolated to humans (Section 20.5.2.2). This 
consistency across models, rat and human, with species-appropriate parameter vaJues, provides 
some validation of the models for use in risk assessment. These estimates are provided for illustra­
tion only of the use of biomathematical lung models in risk assessment, and it is beyond the scope 
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of this chapter to discuss the many issues that are considered in a full risk assessment. For example, 
it should be noted that none of these exposure estimates include adjustment by "safety" or ''um.cr­

tainty" factors, which are often used in risk assessment to account for uncertainty in factors 
i1(wudiug e""ti.:1pdcti.on from animals to humans, inte>!'ir,uividual variability, and subchronic to 
chronic effects (Jarabek et al. IGO.:;). 1 he use of biologically-based models may eliminate the 
need for some of these uncertainty factors, for example, by accounting for the kinetic differences 
that influence the exposure-dose relationship in animals and humans. 

20.7.2 ISSUES IN THE DOSIMETRY OF NANOPARTICLES 

An important area for future lung dosimetry model development is extension of current validated 
models to include the translocation of particles. Short-tenn rodent studies have shown that nano­
particles are retained in the lungs to a greater extent than larger respirable particles (Perin, 
Oberdbrster, and Penney 1992; Oberdorster, Perin, and Lehnert 1994), which may be due to Jess 
effective phagocytosis by AMs (Renwick, Donaldson, and C!outer 2001; Renwick et al. 2004) and 
increased entry of the nanoparticles into the intersititialization. Nanoparticles may also enter the 
blood circulation and translocate to other organs, although the rate of translocation may depend on the 
chemical composition of the particles (Kreyling et aL 2002; Oberdbrster et al. 2002 ; 
Geiser et al. 2005). In contrast, in a study of the long-term (up to 6 months) clearance of iridium 
nanoparticles, the lung retention was found to be similar to that reported previously for other poorly 
soluble, micrometer-sized particles (Semmler et al. 2004). Comparison of observed vs. model-pre­
dicted lung burdens in rats show that some rat 1 ung dosimetry models (Tran et al. 2000; Tran, Graham, 
and Buchanan 2001; Tran et al. 2002; CIIT and RIVM 2002) predict reasonably well the retained 
mass Jung burdens in rats exposed by chronic inhalation to ultrafine or fine poorly soluble particles 
(Kuempel et aL 2006). More study is needed on the role of particle characteristics, such as chemical 
composition, surface charge, and size, on the translocation of inhaled particles. In humans, the 
translocation rate of quartz particles to the lung-associated lymph nodes was estimated to be 
greater than that for coal particles (Tran and Buchanan 2000), a finding consistent with pathology 
data (Seaton and Cherrie 1998). 

Because of the limited and somewhat contradictory data, it is not certain to what extent the 
current mass-based lung dosimetry models may predict the clearance and translocation of respirable 
particles of various size and composition. These models describe the mass transfer of all particles 
that deposit in a given region of the respiratory tract. Since lung deposition models describe particle 
size-specific deposition in each major region of the respiratory tract, these models inherently allow 
for particle size-specific clearance to the extent that the particles are subject to clearance by the 
biological mechanisms of a given respiratory tract region. However, if the efficiency of the particle 
clearance mechanisms within a lung region vary with particle size, as in the lung airways (Kreyling 
and Scheuch 2000), then current clearance/retention models may need to be revised to account for 
this difference. In addition, current models may need to be extended to include pathways for the 
direct translocation of nanoparticles to the blood circulation and to other organs beyond the lungs. 
Some models include pathways for dissolution of soluble particles (e.g., Yu, Yoon, and Chen 1991; 
ICRP 1994). In addition, current models may need to be extended to include other routes of 
exposure besides inhalation, including dermal, ingestion, or even translocation of nanoparticles 
along the olfactory nerve into the brain, as reported by Oberdbrster et aL (2004) in rats, Before lung 
dosimetry models in rats or humans are extended to describe the disposition of inhaled nanopar­
ticles, the model structure needs to be validated using existing data of fine and ultrafine particles. 
The rat and human models described in this chapter are biologically based, validated models of the 
long-term clearance and retention in the alveolar region of the lungs. Given the many existing lung 
dosimetry models for particle deposition and clearance, for practical purpose, it would be worth· 
while to harmonize these various model structures to the extent possible, including integrating 
validated models in one format for use and additional development 
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