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Introduction

Previous investigations came to the consistent result that 
particulate mass deposited in the tracheobronchial tree 
is cleared by different mechanisms. Besides the so-called 
mucociliary escalator, representing the fast clearance phase, 
also much slower processes such as particle transcytosis, 
intra- and extracellular particle storage as well as particle 
uptake by macrophages may be observed (1-12). According 
to highly specific clearance experiments fast transport 

of particulate mass on the airway epithelium is mainly 
completed within the first 24 h after aerosol exposure. Slow 
bronchial clearance, on the other hand, is characterized 
by half-times varying between 5 and 20 d, so that particles 
undergoing this process are completely removed from the 
airway structures within 25 to 100 d (13-15). Other studies 
could find out that total duration of tracheobronchial 
clearance exhibits a significant dependence on several 
physical and physiological factors, among which particle 
traits and breathing conditions may be evaluated as most 
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essential (16-18). All these factors determine the deposition 
sites and slow clearance fractions of the inhaled particulate 
substances and thus have a remarkable effect on particle 
retention in the airways (19,20).

Based upon a multitude of medical investigations 
cigarette smoking has to be categorized as severe cause 
of non-malignant diseases including COPD, chronic 
bronchitis, emphysema, and asthma-related symptoms. 
All insufficiencies mentioned above imply a continuous 
decline in lung function and related respiratory dysplasia 
(coughing, phlegm, wheezing, dyspnoea) (21,22). From a 
physical point of view, cigarette smoke can be classified as 
aerosol with solid particles being suspended in a gaseous 
phase. Both solid and gaseous components of the smoke 
aerosol consist of thousands of chemical compounds, 
with numerous species of this mixture acting as toxins or 
carcinogens (23). Many ingredients of cigarette smoke 
have the potential to likewise injure the bronchial and 
alveolar structures through a variety of mechanisms. Some 
compounds perform adverse effects on host defenses such 
as the clearance system, whereas others act through specific 
or non-specific mechanisms. Formaldehyde and acrolein, 
for instance, may be regarded as cilia-toxic substances, 
thereby wielding a negative effect on cilia motion and, thus, 
impairing the innate lung defenses (23). Carbon monoxide 
(CO), nitrogen dioxide (NO2) and several metals (e.g., Cd) 
disturb the intracellular oxidant activity or become targets 
of regulatory processes due to their toxic properties (23-25).

Interference of the innate lung defense system by 
the inhalation of cigarette smoke is expressed by (I) 
a permanent increase of mucus production and (II) a 
continuous decrease of clearance efficiency in the bronchial 
and alveolar compartments (26). Significant weakening of 
the defenses mentioned above, however, results in a partly 
dramatic enhancement of the infection risk (27,28). Besides 
the superficial effects summarized above, cigarette smoke 
also disposes of the capacity to disrupt tight junctions 
forming the epithelial barrier (29,30). In addition, it may 
initiate the infiltration of the damaged tissue by a great 
number of inflammatory immune cells (23). Any increase in 
microvascular permeability facilitates the leakage of large 
fibrinogen molecules from the vessels and the subsequent 
formation of new tissue, resulting in a remodeling of the 
bronchial and alveolar walls. In small ciliated and non-
ciliated airways this process induces a systematic thickening 
of epithelial and subepithelial cell layers (fibrosis) and 
therefore a reduction of the inner diameters (Figure 1) (31).

Meanwhile, interference of the lungs by inhaled cigarette 
smoke may be regarded as well-documented phenomenon. 
However, particle deposition in the lungs of occasional and 
heavy smokers is much better understood than clearance 
processes acting upon the deposited particulate mass 

Figure 1 Sketch illustrating the development of the bronchial 
airway wall after long-term exposure to cigarette smoke: (A) 
normal situation occurring in the healthy lung; (B) reduced 
functionality of the ciliated cells and increased secretion of mucus, 
declined velocity of the mucus flow towards the trachea; (C) final 
situation with completely paralyzed cilia and maximal mucus 
secretion, particle clearance takes place by airway macrophages 
and transcytosis. AM, airway macrophage; BV, blood vessel; EP, 
epithelium; LV, lymphatic vessel; SEG, subepithelial gland; SM, 
smooth muscle.
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(32,33). Since phenomena of smoke-cell interaction were 
comprehensively illuminated during the past years (23), 
new leverage points for specific clearance models dealing 
with particle removal in healthy and diseased lungs were 
created. The present contribution pursues two objectives: 
besides the description of a highly validated mathematical 
approach of tracheobronchial clearance in healthy subjects 
and smokers (34-38), also preliminary simulation results 
describing the clearance scenarios of specific particles  
(1 µm) are presented.

Methods

Model description

As proposed in previous studies (34-38) tracheobronchial 
particle clearance can be well simulated by a multi-
compartment model. This theoretical approach provides 
the consideration of all cellular and non-cellular units 
of the airway epithelium which bear the capability of 
particle uptake and storage. Concretely speaking, the 
tracheobronchial region of the healthy lung includes 

four such units that can be treated as separate model 
compartments. Particles entering the tracheobronchial 
tree usually deposit on the highly viscous gel layer of 
the airway mucus (compartment 1). This cilia-driven 
blanket is transported towards the trachea, where it 
is either swallowed or expectorated. Some particles 
penetrate the mucus at thinned sites or pass this layer 
via specific discontinuities (10-12), which results in their 
temporary storage in the periciliary liquid (Sol layer,  
compartment 2) .  Part iculate  mass  escaping from 
mucociliary clearance is mainly subjected to the uptake 
by airway macrophages (compartment 4) or epithelial 
cells (compartment 5). In the theoretical model, the 
gastrointestinal tract and the lymphatic/vascular system are 
defined as two further units, within which terminal storage 
of particulate mass takes place (Figure 2A).

The model compartments introduced above are 
connected by specific rate constants (transfer rates) that 
express the velocity and, therefore, effectiveness of mass 
transfer between the single storage units. Mucociliary 
clearance has to be understood as mass transfer between 
the gel layer (compartment 1) and the gastrointestinal 
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Figure 2 Illustrations of the multi-compartment models and related mathematical equations used for the prediction of bronchial clearance: (A) 
healthy subjects, (B) heavy smokers.
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tract (compartment 3). In healthy lungs, this process is 
commonly characterized by rather high rate constants. 
Transepithelial particle transport (compartment 2 → 
compartment 5 → compartment 6) or clearance by airway 
macrophages (compartment 1/2 → compartment 4), on 
the other hand, is marked by low rate constants. Except for 
the final accumulation units (compartment 3 and 6), mass 
transfer between single units as assumed to occur in both 
directions (34,35). Those particles reaching the periciliary 
liquid may be transferred back on the gel layer with the 
help of extensive cilia beating. Particulate mass, which has 
been already phagocytosed by macrophages, can be again 
transported to other compartments after the death of the 
phagocytic cells. Basic mathematical equations standing 
behind the multi-compartment model are also summarized 
in Figure 2A.

The modified model describing tracheobronchial 
clearance in the lungs of smokers exhibits some remarkable 
changes with respect to the basic approach outlined above. 
As illustrated in Figure 1, the periciliary liquid is marked 
by its successive disappearance in diseased airways, so that 
the related model compartment only plays a marginal 
role. Additionally, several rate constants undergo a specific 
temporal change: Whilst mass transfer between the gel 
layer and the gastrointestinal tract becomes continuously 
retarded in smoker lungs, airway macrophages and epithelial 
cells gain enhanced importance and execute an accelerated 
uptake of particulate mass. Mathematical equations standing 
behind the modified approach are, for the sake of brevity, 
summarized in Figure 2B.

Model setup

For preliminary model predictions presented in this 
contribution spherical particles with a uniform diameter 
of 1 µm and unit-density (1 g·cm−3) were used. Inhalation 
of the particle-loaded aerosol was supposed to take place 
by a respiratory system of average size (FRC =3,300 mL) 
under sitting breathing conditions (31). Such frame 
conditions, however, result in an average lung deposition 
of 18%, whereby two third of all particles deposited in 
the bronchial structures are subjected to slow clearance 
processes (10-12). The remaining third undergoes fast 
mucociliary clearance. Bronchial clearance in healthy and 
diseased lungs was predicted for a time interval of 10 d, 
because crucial processes take place within this temporal 
window.

Results

As illustrated in Figure 3, particle concentrations predicted 
for the single compartments of the model are characterized 
by time-dependent changes. Regarding tracheobronchial 
clearance of healthy subjects highest efficiency can 
be determined for mucociliary transport. In addition, 
all particulate mass captured in the periciliary liquid  
(= sol layer) is effectively removed within a rather short 
period of time. Concretely speaking, particle clearance on 
the mucus layer immediately starts after aerosol exposure 
and covers a period of several hours. According to the 
theoretical approach the sol layer is completely cleared 
from any particulate substances after 6 d. In healthy 
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Figure 3 Time-dependence of particle concentration functions of 1-µm particles for all compartments used in the theoretical approach. The 
gastrointestinal tract (C3) and lymphatic/vascular system (C6) have to be understood as final accumulation units; (A) healthy subjects, (B) 
heavy smokers.
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subjects the gastrointestinal tract commonly acts as main 
particle accumulation compartment, so that 60% of the 
deposited mass are transported to this unit within 2 d. 
After mucociliary clearance has completed its main phase, 
particles are increasingly cleared via airway macrophages and 
the bronchial epithelium. Three days after aerosol exposure 
capture of particulate mass by airway macrophages performs 
a maximum, whilst transepithelial clearance already 
reaches its peak 1.5 d after the inhalation event. After  
10 d, particle concentrations in macrophages and epithelial 
cells are declined to few percent, whereas concentrations of 
particulate mass in the gastrointestinal tract and lymphatic/
vascular system are increased to 88% and 5%, respectively 
(Figure 3A).

In the lungs of smokers, mucociliary particle clearance 
is commonly characterized by a retardation covering one 
order of magnitude (Figure 3B). Removal of particulate mass 
by airway macrophages and epithelial transcytosis, on the 
other hand, significantly gains in importance. Therefore, 
macrophages are able to absorb a maximal particle mass of 
57% (5 d after exposure), whilst the epithelium accumulates 
23% (30 h after exposure) of all particles deposited in the 
bronchial airways. After 10 d, only 25% of the particulate 
mass have reached the gastrointestinal tract, whereas 11% 
of the particles have been transported to the lymphatic and 
vascular system. The remaining mass is still retained in the 
bronchial airways and may interact with diverse cells of the 
airway wall.

Main compartments factored into the bronchial clearance 
process of healthy and diseased lungs are summarized 
in the bar charts of Figure 4. In healthy controls, the 
gastrointestinal tract is successively supplied with particulate 
mass, so that 88% of all particles are stored in this unit after 

10 d. The remaining particles have been either captured 
by macrophages or transported to the lymphatic/vascular 
system. In heavy smokers, importance of the gastrointestinal 
tract as final accumulation compartment is continuously 
declined. After 10 d, only 25% of all particles have reached 
this unit, whereas 75% have remained in the lungs or 
their direct vicinity. An essential role is attributed to 
macrophages, which mainly transport the captured particles 
towards the lymphatic system.

Discussion and conclusions

According to the theoretical results presented in this 
contribution bronchial clearance predicted for heavy 
smokers remarkably deviates from that observed for 
healthy controls. This difference is expressed in several 
respects: (I) in lungs injured by cigarette smoke clearance of 
deposited particles from the tracheobronchial structures is 
significantly retarded with respect to the healthy respiratory 
tract. Concretely speaking, more than 50% of the total 
particulate mass are still retained in the airways after  
10 d (10% in healthy controls); (II) in heavy smokers fast 
clearance mechanisms such as the mucociliary escalator 
are successively superseded by much slower processes with 
prolonged interaction between deposited particulate mass 
and lung tissues being susceptible to inflammatory reactions 
or malignant transformations; (III) in diseased lungs the 
lymphatic and vascular system increasingly occur as particle 
accumulation compartments, thereby continuously taking 
over the role of the gastrointestinal tract in healthy subjects.

All changes of bronchial clearance noted above have 
to be regarded as result of an extensive impairment of the 
cilia beating activity by cilia-toxic substances (23-25). In 
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Figure 4 Bar charts summarizing the time-dependent development of particle concentrations on the airway walls (C1 + C2), in the 
gastrointestinal tract (C3), in airway macrophages (C4), and in the lymph/blood (C6); (A) healthy subjects, (B) heavy smokers.
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addition, an enhanced release of mucus and inflammatory 
cells into the airway lumen can be recognized (29-31). 
Medical and histological studies (23,31) categorize ciliated 
cell destruction as well as paralysis of single cilia as rather 
protracted processes, whereby small ciliated airways 
represent the preferential target sites of inhaled smoke 
particles with a size varying between 100 and 300 nm 
(32,39-43). Significant percentages of the inspired particles 
are subjected to electrostatic aggregation or hydrophilic 
growth, finally resulting in sizes larger than 1 µm (32). 
Such aggregates are either deposited in the upper bronchial 
airways after fast breathing or reach the central airways 
after slow inhalation of the cigarette aerosol (39-49). It 
has to be noted in this context that complete interruption 
of mucociliary particle clearance requires the permanent 
burdening of the lung with cigarette smoke over an 
extended period of time.

The enhanced clearance of particles through the 
bronchial epithelium and subepithelial cell layers in smoker 
lungs is commonly associated with severe health effects: 
Due to a considerable limitation of the absorption capacity 
of the lymphatic and vascular system (see low rate constants 
in Figure 2), particulate masses undergo temporal storage 
in the epithelial and subepithelial cells included in the 
slow clearance process. In these cellular units, however, 
metabolic processes may be affected by highly insoluble 
ingredients of the cigarette smoke, so that biosynthetic 
and lytic cycles become severely disturbed. Further 
deposition of smoke particles in the lung airways may 
cause an overload of bronchial cells and, as a consequence 
of that, their complete dysfunction (23,31,33). The 
enhanced impairment of the bronchial tissues is usually 
accompanied by a higher susceptibility of these sites for 
infections with the successive development of chronic 
airway diseases and related deuteropathy (bronchiectasis,  
emphysema) (23,46-49).

Meanwhile, main processes with regard to the effect of 
cigarette smoke on various lung tissues are well understood. 
Nevertheless, numerous phenomena coming off on the 
molecular level still bear some open questions and, thus, 
have to be subjected to more detailed investigations in 
future. Here the present model with its multitude of particle 
transport routes can offer valuable assistance.
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