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A nlathe~natical model was developed with several distinctive features to represent the various processes leading to 
silicosis. It assures the phagocytosis of quartz by the resident alveolar inacrophages. It then inodels the necrosis of 
macrophages caused by the ingestion of quartz particles and the subsequent release of these clusters onto alveolar 
surfaces. Tlie inflarninatory recruitment of alveolar macrophages and neutrophils in response to the cell necrosis caused 
by the ingestion of quartz particles is described in a functional form and is included in the model. The inodel also 
describes the pathological and other biological reactions to quartz particles in the interstitiurn. Specifically, once the 
quartz particles arrive at the interstitium, they can be phagocytozed by interstitial macrophages. The pathological 
interaction between quartz and interstitial macrophages ]nay lead to quartz particles being sequestered in silicotic 
nodules, and also cleared to the efferent lymph nodes. 
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The function of the immune system of the alveolar region of the 
lung is to protect its integrity from damage caused by invading 
pathogens. The first line of the defense is the resident alveolar 
rnacrophage ( I ) ,  the primary function of which is to take up the 
pathogens and, incidentally, particles and fibers, and neutralize 
and remove them from the site of injury. The breakdown of these 
functions is known to be the cause of lung pathologies. 

The purpose of this paper is to describe these functions mathe- 
rnatically and to make available the key concepts of the model so 
as to provide a framework for the analysis and interpretation of 
data fsorn anilnal st~tdies involving the instillation or inhalation of 
cytotoxic quartz particles. 

Phagocytosis, clearance and inflammation 

The clearance of silica particles depends primarily on the ability 
of the alveolar inacrophages to detect, phagocytoze, and transport 
particles to the m~~cociliary escalator, where they are eliminated 
from the lung. Macrophages can detect particles either by randorn 
encounters or by chernotaxis generated by the particles (2). The 
balance between the sate of macrophage efflux and replacement is 
maintained in a steady state (3). The ability of macrophages to 
pliagocytose and remove the particles from alveoli becomes im- 
paired as the maximum load capacity (n,,,,,) approaches saturation. 
Impaired phagocytosis and macrophage immobility is known as 
the "overload" phenomenon (4). 

When lnacrophages are overloaded, they lose their ability to 
respond to chemotactic gradients and fail to migrate from the 

alveoli to the mucociliary escalator ( 5 ) ;  they die and release parti- 
cles into the extracellular environment (6, 7). 

The difficulty facing local macrophages in eliminating parti- 
cles is manifested by the release of acute inflammatory mediators 
by particle-laden inacrophages, especially interleukin-1 and leuko- 
triene (LTB,). Inflarnrnation can occur in "overload" situations, 
although small doses of toxic particles may not elicit any reaction 

(9). 
Further recruitment of phagocytes is required if inhaled silica 

dusts are not eliminated. Chronic deposition of dust leads to the 
necrosis of the macrophages, and the subsequent release of parti- 
cles ensures that free quartz remains on tlie alveolar surface. This 
cyclic capture and release of particles leads to a continuing re- 
cruitment of alveolar macrophages and neutrophils, and over time 
produces "chronic inflammation." A schematic description of the 
process of inflarnmation is presented in figure I .  

Modeling phagocytosis 

The basic model. Let AM, be the population of AM cells con- 
taining i quartz particles ( i  = O , l ,  ..., n), AM, being the population 
of particle-free alveolar macropl~ages, and AM,, the population of 
rnacrophages with the maximuin load, containing i z  particles. The 
total population of macrophages at any time t is AM(t) and is tlie 
total sum of all the inacrophages belonging to their respective load 
class: 

I ,  

AM@) C AM,@). equation 1 
i = O  
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Similarly, the macrophage burden at any time t is: 
I7 

X2 ( f )  = C ili~AM, (t) .  
r = O  

where 111 is the average mass of a single quartz particle and i is the 
number of quartz particles representing the load class i. Note that 
during phagocytosis, rnacrophages enter the next load class when 
they ingest additional quartz particles. 

The process of phagocytosis by alveolar macrophages can be 
described as 

CIA M,, -- - k,, ,, lXcAM,,-I - (P,, + q,,)AM,,, 
clf 

equation 3 

that a given inacrophage froin load class AM, , will ingest a free 
quartz particle in time clt). The system of differential equation 3 is 
also used to model the process of phagocytosis by neutrophils, and 
the process is shown diagrainmatically in figure 2. 

Constraints. As the phagocytosis of silica particles progresses, 
the cytotoxic effect of quartz 011 alveolar macrophages renders 
then1 less mobile and, consequently, their capacity for further 
phagocytosis is reduced. If s is the number of quartz particles rep- 
resenting the sublethal dose ingested by an alveolar inacropliage, 
then we can assume that the phagocytosis rates (ti) for 
~~iacropliages with fewer than s particles is the same for all; for 
alveolar rnacrophages with Inore particles than s, the rate of 
phagocytosis diminishes as the load increases: 

... ... k l 0 = k , , =  I,,,, - I  ; k , + , , >  >I( ,,,,-,. equation 4 

Similarly, the transfer rates depend on particle load: 

phages, y, and q, are respectively the transfer rate to the inucocili- 
ary escalator and the death rate of ~nacrophages belonging to class 
, j ,  X, is the number of free quartz particles caused in the alveolar 
region by inhalation plus release via the necrosis of alveolar iliac- 
rophages and neutrophils, k,,-, is the phagocytosis rate coefficient 

where R ,  ,, is the infla~nmatory recruitment rate of alveolar macro- 

The death rate of ~nacropl~ages is also expected to increase with 
the number of quartz particles ingested once the sublethal number 
of quartz particles ingested has been reached, and again a similar 
type of relationship is assumed: 

PO = 111 = ... = /IT > /),+i > ... >I),,. equation 5 

. . .  lor alveolar macrophages of class j-1 (ie, the average probability 1 q,, = q ,  = ... = q, < q,,, < q,,. equation 6 

Figure 1. Phagocytosis, migration to the mucociliary escalator, in- 
terstitialization, and inflammation. (AM = alveolar macrophages, 
PMN = neutrophils) 
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Figure 2. Mathematical model for phagocyto- 
sis and inflammation after the inhalation of 
quartz particles. (X, = free quartz particles on 
the alveolar surface, A m ,  = alveolar macro- 
phages of load-class j, 0 s j s n , ,  n,  = maxi- 
mum number of quartz particles ingested per 
alveolar macrophage, s, = critical number of 
quartz particles ingested per alveolar macro- 
phage, Blood = blood compartment, PMN,  = 
neutrophils of load-class j, 0 5 j 5 n,, n, = max- 
imum number of quartz particles ingested per 
neutrophil, s, = critical number of quartz par- 
ticles ingested per neutrophil, X, = free quartz 
particles in the interstitium, Im, I interstitial 
macrophages of load-class j, 0 2 j 2 n,, n, = 
maximum number of quartz particles ingested 
per interstitial macrophage, s, = critical number 
of quartz particles ingested per interstitial mac- 
rophage, lymph = lymph node compartment, 
X, =free quartz particles in the subpleural base- 
ment membrane) 

Modeling tile imflammatory recruitment of alveolar macro- 
phages and neutrophils. Macrophages and neutrophils with more 
than their respective sublethal dose of quartz particles will be in 
distress. The chemotactic signal released by these phagocytes is 

I 1  i 11, 

G = I , ,  C A M ,  + l2 2 PMN,,  equation 7 
r = ~ , t l  1 = . \ ? + 1  

where I, and l2 are the chemotactic signals released by each alveo- 
lar macrophage arid neutrophil, .s, and s2 are the sublethal numbers 
of quartz particles for al\reolar macrophages and neutrophils, and 
1 1 ,  and 1 1 ~  are the ~naxilnu~n numbers of quartz particles ingested 
by alveolar macrophages and neutrophils, respectively. 

The inCIammatory recruitment for alveolar inacrophages can 
be described in a functional for111 as: 

(R,,n,,, - R,,,,,,) 
Rl,,, = - 

k I 
+ R,,,,,,, equation 8 

[- +11 
G 

and similarly, lor neutrophils: 

equation 9 

R ,,,,,, and R2 ,,,,,, are the maxiinuin recruitment rate for alveolar 
~nacrophagcs and neutrophils (10). I?,,,,,, is the minimum recruit- 
n-rent rate for al\ieolar macrophages required when the AM popu- 
lation is in a steady state. The Ic's are constants deterniining how 
fast the recruitment rate approaches its maxii-ri~~~n value. A differ- 
ential equation for the ltinetics of the total alveolar macrophage 
(AM) population can be derived by adding all the individual equa- 
tions of the systen-r 3: 

rlAM " [/AM, 11 

= C -  = R,,l, - C (11, + %)AM,  equation 10 
df r = O  clt r = O  

The solution to equation I0 can be compared with data of al\/eolar 
macrophage ltinetics available froin instillation and inhalation 
studies (1 1). 

Interstitial model 
The continuing presence of quartz particles on the epithelium will 
increase their liltelihood of being transferred to the interstitium. 
As quartz particles are transported, they are confronted by intersti- 
tial macrophages. Equation 3 is also used to describe the phagocy- 
tosis of quartz particles by interstitial macrophages. Fibroblast 
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cells (N,) proliferate while they are activated by the che~notactic 
signals produced by distressed interstitial inacrophages: 

equation 11 

where .s, and 1 1 ,  are the sublethal doses of quartz and the maximum 
number of silica particles ingested by an interstitial macrophage 
and I<, is the chemotactic signal released per interstitial macro- 
phage cell. These fibroblast cells are also activated to produce 
collagen leading to interstitial fibrosis. 

Results 

Experimental rat studies on deposition and clearance were carried 
out at the Insti t~~te of Occupational Medicine (5, 12). The purpose 
of these studies was to determine the retention and clearance of 
cytotoxic and inert dusts such as quartz and titanium dioxide and 
the cellular response fro111 the alveolar region of the lung follow- 
ing the inhalation of these dusts. 

The quartz burdens on lungs and lymph nodes (l2),  together 
with the alveolar ~nacrophage and neutrophil numbers in the bron- 
choalveolar lavage (BAL) fluid, were used to test the current 
model. The strategy for siinulation is (i) to obtain as Inany esti- 
mated parameters froill the literature as possible (10, 13, 14, 15); 
(ii) to use one data set of the aforementioned experiments - the 
exposure of rats to quartz at 50 mg . ~ n - ~  - to estilnate the remain- 
ing parameters of the model; (iii) to develop a con~plete estimated 
parameter set to be used in si~nulations of other exposure situa- 
tions; and (iv) and to compare the results with the experiinental 
data (ie, exposure to 1, 10 and 30 mg . m-l). The aim of this 
strategy was to reduce the number of parameters to be estimated 
fron~ the data set to a minimum. Figures 3 and 4 show the inflaru- 
matory recruitment of alveolar nlacrophages and neutrophils after 
the inhalation of quartz at 10 and 50 mg . ilr3 and the simulation 
of this recruitment by the model. Sin~ilarly, the results from the 
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Figure 3. Alveolar macrophage ( A M )  population following the inhalation of 
quartz at 50 and 10 mg . m-3. (A = concentration 50 mg . m-3, 0 = concen- 
tration 10 mg . m-3, - = simulation at 50 mg . m-3, - - -  = simulation at 
10 . mg m-3, . . .  = steady state population) 

sin~ulations and the experimental data for the lung burdens and 
lynlph node burdens are shown in figures 5 and 6. Additional 
details can be obtained froin our earlier work (16). 

The simulations of the alveolar ~nacropliage and neutrophil 
response to the deposition of quartz, as well as the time course of 
lung and lymph node burden of this dust under different exposure 
levels, have compared well with the data from experiinental st~~ci- 
ies carried out at the Institute of Occupational Medicine. Howev- 
er, the current nlodel is one of a very coniplex system; thus the 
problenl of over-pal.ail~eterization is hard to avoid. Nonetheless 
the ~naiil aims of the model are (i) to offer a inathe~natical descrip- 
tion of the hypotheses regarding the mechanisms of this syste~n 
(eg, the phagocytosis rate or the inflammatory recruit~nent rate) 
which can be refuted, verified, and measured by further experi- 
mental investigations and (ii) to identify important areas in the 
systenl for which further investigations are needecl. Thus it is 
hoped that this exercise will stiinulate further experimental studies 
aimed at identifying the complete model. 

Concluding remarks 

The process of phagocytosis of quartz particles by alveolar nlacro- 
phages and neutrophils is described as a systelu of differential 
equations. A Michealis-Menten type of equation is i~sed to inodel 
the inflammatory recruitment of alveolar macrophages and neu- 
trophils. The salue types of differential equations are also used to 
describe the ~noveluent of free quartz particles to the interstitiurn 
and their subsequent phagocytosis by interstitial macrophages. 
These equations, together with the parameter values found in the 
literature or estinlated from experimental data (10, 13, 14, 15) 
provide a framework for the sin~ulation of data for the retention 
and clearance of quartz particles in the alveolar region. This mech- 
anistic inodel elucidates the effects of iinpaired phagocytosis and 
chronic inflammation leading to the de\/elopment of interstitial 
fibrosis. The consequences of phagocytosis such as the release or 

Time (days) 

Simulation and experimental data 

Figure 4. Neutrophil population following the inhalation of quartz at 50 and 
10 mg . m P  (A = concentration 50 mg . m3, 0 = concentration 10 mg . m-3, 
- = simulation at 50 mg . m3, . . .  = simulation at 10 mg . m4) 
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Figure 5. Lung burden following the inhalation of quartz at 1, 10 and 30 
rng . m 3 .  (0 = concentration 30 rng . rn4, 0 = concentration 10 mg . rn?, 
A = concentration 1 rng . rnp  - = simulation at 30 mg . m3, - - -  = sirnula- 
tion at 10 rng . rn?, . . ,  = simulation at 1 rng . 

oxidant radicals and proteases can b e  quanti f ied readily. The dam- 
age to  type I epithelial cells b y  oxidant stress and the replacenlent 
o f  these cells b y  type I1 cells can also be modeled. Such model ing 
w i l l  f o r i l l  the basis fo r  a mechanistic model  o f  the developillellt o f  
silica-related carcinomas. 
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