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Background: The present contribution deals with theoretical aspects regarding biogenic particle clearance 
from various lung structures of probands with different ages (1, 5, 15, 20 y). With reference to part 1 of the 
study, particles varying in size and shape are subject to a detailed analysis. The main goal of the investigation 
consists in an increase of our knowledge concerning the clearance behaviour of bioparticles and its 
dependence upon various physiological and anatomical factors.
Methods: Theoretical clearance of biogenic particles was subdivided into four main phases, namely fast 
bronchial clearance, slow bronchial clearance, fast alveolar clearance, and slow alveolar clearance. All of these 
phases were simulated by using a well validated stochastic modeling approach, where the main focus is set 
on the randomly varied particle mass transfer between main compartments of the human respiratory tract. 
Whilst effects of particle geometry on clearance were approximated by application of the projective-diameter 
concept, age dependence of the particle removal process was expressed by the experimentally proven 
relationship between bronchial mucus velocities and morphometry of the airway tree. 
Results: According to the results of the theoretical simulations efficiency of fast bronchial clearance, 
expressed by the 24-h-retention value, exhibits a negative correlation with proband's age, whereas the other 
clearance phases are characterized by a rather conservative behaviour among the different age categories. 
Highest clearance rates may be observed for very fine (<0.01 µm) and very coarse particles (>5 µm) 
preferentially deposited in the upper bronchial airways, whilst large particles accumulated in the alveoli may 
be stored there for several months to years. 
Conclusions: The study comes to the conclusion that infants and children dispose of an enhanced 
bronchial clearance efficiency with respect to adolescents and adults, which results in a faster removal of 
particulate substances accumulated in the upper bronchial regions. Particles escaping from the natural 
filtering process in the upper airways and undergoing alveolar deposition are subject to identical clearance 
scenarios among the age groups and may represent remarkable health hazards. 
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Introduction

General remarks on particle clearance in the human 
respiratory tract

As already outlined in part 1 of the study (1), bioaerosol 
particles deposited in different structures of the human 
respiratory tract may act as triggers of allergic reactions, 
infectious diseases or, in the worst case, malignant 

transformations. In order to reduce the hazardous potential 
of such particulate substances, an innate defense system 
consisting of different clearance phases is activated 
immediately after bioaerosol inhalation (2-7). Whilst biogenic 
particles undergoing deposition in the air-conducting 
zone are subjected to fast and slow bronchial clearance 
mechanisms, those particulate masses accumulated in the 
gas-exchange zone are usually seized by alveolar clearance 
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mechanisms, which are also marked by variable velocities 
(Figure 1) (8-12). As demonstrated by numerous inhalation 
experiments, fast bronchial clearance, being represented 
by the so-called ‘mucociliary escalator’, mainly takes place 
within the first 24 h following particle exposure (13-15). 
Slow bronchial clearance, on the other hand, may reach 
a length of up to 100 d, because it partly consists of very 
protracted processes such as particle transfer towards lung-
associated lymph nodes or particle detection and uptake 
by airway macrophages (1,16-18). Particles deposited 
in the alveolar structures are primarily phagocytosed by 
macrophages immigrating into the compartments of gas 

exchange from subepithelial tissue layers. The particle-
loaded cells either migrate into the tracheobronchial 
tree, from where they are finally removed by coughing 
or swallowing, or turn back to the alveolar interstitium 
(1,10,19). This rather fast mechanism of alveolar clearance, 
however, is accompanied by much slower ones, which 
concern all those particles being too large or too small 
for uptake by macrophages. In this specific case clearance 
by epithelial endocytosis and subsequent transcytosis 
as well as particle movement on the surfactant blanket 
occur as alternative mechanisms (1,10,19,20). As found by 
experimental and theoretical investigations, all clearance 

Figure 1 Main particle clearance routes at different sites of the human respiratory system (A,B). Particulate substances deposited in the 
tracheobronchial airways (C) are either cleared by the mucociliary escalator (1), phagocytosis (2) or transcytosis (3). Particles deposited in the 
alveolar region, on the other hand (D), may undergo transport on the surfactant layer (1), phagocytosis (2) or transcytosis (3). AM, airway/alveolar 
macrophage; BC, basal cell; BrC, brush cell; CC, ciliated cell; GC, goblet cell; GL; gel layer; P, particle; PC1/2, pneumocyte type 1/2; SL, sol layer.  
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processes noted above depend upon both size and shape of 
the deposited particles (4-12).  

Theoretical models of particle clearance—state of the art

The theoretical study of particle clearance in the human 
respiratory tract looks back on a nearly fifty-year-old 
tradition (20,21). Whilst first mathematical approaches to 
the clearance process were mainly limited to the description 
of fast bronchial clearance (22,23), later models also 
included essential clearance mechanisms being marked 
by much longer half-times (4-12,19). In the meantime, 
different model types predicting the various paths of particle 
transport have been established and validated by related 
experimental lines. Among these approaches, the stochastic 
model formerly outlined by Hofmann & Sturm (6) as well 
as the comprehensive multi-compartment model introduced 
by Sturm & Hofmann (5,7,8) deserve particular mention 
due to their comprehensive application and improvement 
during the past decade (24-31). Current theoretical research 
includes the further specification of possible clearance 
routes and associated clearance times. In addition, modern 
clearance models are used for the creation of well-aimed 
experiments, which should help to get a better insight into 
the particle-related processes of the lungs. 

Main objectives pursued by the present contribution

Based upon the deposition data presented in part 1 of the 
study (1), the contribution tries to work out main differences 
of biogenic particle clearance among the age groups (1, 5, 
15, 20 y) already introduced previously. With reference to 
the deposition calculations presented in the first part of the 
investigation it is hypothesized that also particle clearance 
exhibits a partly significant age dependence, which might 
have remarkable consequences in pulmonological regards.

Methods

Main features of the applied clearance model

Predictions of bioparticle clearance in the lungs of 
probands with different ages were conducted by using the 
stochastic model of particle removal in the bronchial and 
alveolar structures of the human respiratory tract. Since 
this approach has been outlined in detail in numerous 
previous publications (4-7,11,12,21), only its most salient 
features will be described here. In correspondence with 
the experimental and theoretical results stated in the 
introduction, the model considers four main clearance 
phases: besides fast and slow bronchial clearance mainly 
seizing all those particles deposited in the ciliated airways 
(4-7) also fast and slow alveolar clearance are distinguished 
(10,18,19,24), with the latter two phases playing an essential 
role in the non-ciliated alveolar ducts and alveoli themselves 
(Figure 2). 

Fast bronchial clearance is founded upon the hypothesis 
that predefined fractions of deposited particles are captured 
on a mucus blanket lining the bronchial epithelium. This 
mucus layer is transported from small ciliated airways towards 
the trachea, where it is coughed up or swallowed. Mucus 
velocities are thought to correlate with airway morphometry 
on the one hand and the intensity of local mucus production 
or the occurrence of mucus discontinuities on the other 
(4-12,19). Whilst mucus velocity is generally subject to an 
exponential decrease from trachea to small ciliated airways 
situated at the lung periphery, local addition of mucus from 
goblet cells and subepithelial glands results in an increase 
of the associated velocity. Local mucus discontinuities 
cause a remarkable reduction of the mucus mass and, as 
a consequence of that, a decrease of the related velocity 
(7,12,30). The fraction of particles being subjected to slow 
bronchial clearance depends on both particle size and shape. 
Therefore, large particles have a lower chance to undergo 
slow clearance than small particles (4-12). According to the 

Figure 2 Diagram exhibiting the main clearance phases and 
associated particle transport routes in the bronchial and alveolar 
region of the human respiratory tract. Whilst fast clearance phases 
chiefly take place on the epithelial surface of the bronchial airways 
and alveolar spheres, slow clearance phases are characterized by 
endo- and subepithelial transport paths.
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recommendations of Sturm & Hofmann (19) extremely 
anisometric particles such as long fibers or thin platelets 
with high projective diameters are also preferential targets of 
fast bronchial clearance, whereas spherical particles may be 
characterized by an enhanced probability of slow clearance. 
The half-time of slow clearance is supposed to adopt values 
between 5 and 20 d, resulting in a total duration of this phase 
between 25 and 100 d (3-8,20).

Fast alveolar clearance represented by the phagocytosis 
of biogenic particles is marked by half-times, which 
are very similar to those of slow bronchial clearance 
(19,20,30). Here, migration of particle-loaded macrophages 
through the tracheobronchial tree is assumed to take 
place within a shorter period of time than interstitial 
migration of the cells  and subsequent transfer of 
particulate mass into the lymphatic system. Computation 
of the fraction of bioparticles undergoing slow alveolar 
clearance is based upon similar considerations as the 
estimation of the slow bronchial clearance fraction. 
Therefore, macrophages are thought to preferably 
take up those particles ranging in size from 1 to 10 µm,  
whereas smaller or larger particles are mostly excluded from 
the fast alveolar clearance phase (19,30). Half-time of slow 
alveolar clearance has been pledged to 100 d, resulting in a 
total duration of this phase of about 500 d (10,19,30).

Theoretical effect of the probands’ age on particle clearance

As already demonstrated in previous publications (3,11,25), 
tracheal mucus velocity represents a physiological 
determinant depending upon subject’s age. In order to make 
allowance for this essential circumstance, tracheal mucus 
velocity was assumed to adopt a mean value of 1.20 mm/min 
in infants (1 y), 2.70 mm/min in children (5 y), 5.00 mm/min  
in adolescents (15 y), and 5.50 mm/min in adults (20 y).  
According to the modeling procedure described above, 
mucus velocities in airways of following lung generations 
are mathematically related to tracheal mucus velocity, so 
that predicted velocities in infants assume significantly 
lower values than those in adults. Although fast bronchial 
clearance is characterized by valuable differences between 
the age groups, all other clearance phases are thought to 
take place in uniform, age-independent fashion. Summing 
up, clearance efficiency of bioparticles is influenced by the 
deposition patterns already predicted in the first part of the 
study (1), the morphometry of the tracheobronchial tree, 
the velocity of mucociliary transport, and the duration of 
the remaining clearance phases (Figure 2).  

Results

Retention of bioparticles in the respiratory tract

According to numerous previous publications (4-12,19), an 
appropriate measure of clearance efficiency is represented by 
the so-called retention value, which specifies the percentage 
of particles still being stored in the lung structures after a 
given period of time. In the concrete case, 24-h-retention 
indicating the temporal course of fast bronchial clearance 
was distinguished from 25-d-retention und 100-d-retention, 
both acting as indicators for slow clearance processes. For all 
age groups considered here, respective retention values were 
expressed as functions of particle size (Figure 3). Starting 
with infants (1 y), all retention curves exhibit a unimodal 
size dependence, with highest values being noticeable for 
aerodynamic particle diameters ranging from 0.01 to 1.0 µm. 
For smaller and larger particles, a remarkable reduction of 
bioparticle retention may be observed. As illustrated in the 
related graph, 24-h-retention commonly ranges from 5.4% 
to 76.3%, whereas 25-d-retention assumes values between  
0.0 and 10.1%. Particle retention after 100 d is marked by 
values ranging from 0.0 to 4.8% (Figure 3A). 

In children (5 y) predicted retention curves are subject 
to a substantial widening on the one side and a significant 
displacement to higher values on the other. In terms of fact, 
24-h-retention is characterized by values ranging from 20.2 
to 83.6%, with maximum values being identifiable for particle 
diameters between 0.01 and 0.1 µm. Particle retention after 
25 d may be estimated at 0.0 to 13.9%, whereas retention 
after 100 d assumes values between 0.0 and 5.5% (Figure 3B).

In adolescents (15 y) and adults (20 y) respective trends 
detected after comparison of children with infants find their 
continuation. Both age groups are characterized by very 
similar retention curves, reflecting the high similarity of 
their lung morphometries. Therefore, 24 h rention may be 
numbered with 36.7 to 85.3%, whilst 25 d retention assumes 
values between 0.0 and 21.1%. Retention after 100 d  
indicating the slowest clearance phase is set between 0.0 and 
9.4% (Figure 3C,D).

Clearance course for selected particle sizes

In order to get a more detailed insight into the clearance 
process of single bioparticles, time-dependent retention 
curves have been computed for four diameter classes  
(0.01, 0.1, 1.0 and 10 µm). As exhibited in the graphs of 
Figure 4, the plotted functions reproduce single clearance 
phases in an appropriate fashion. In infants retention 
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Figure 3 Dependence of relative particle fractions retained in the respiratory tract after 24 h, 25 d, and 100 d upon aerodynamic particle 
diameter: (A) situation in 1-year-old infants; (B) clearance behaviour in 5-year-old children; (C) clearance behaviour in 15-year-old 
adolescents; (D) clearance behaviour in 20-year old adults. 

Figure 4 Detailed time-dependent clearance courses of biogenic particles with different sizes: (A) situation in 1-year-old infants; (B) clearance 
behaviour in 5-year-old children; (C) clearance behaviour in 15-year-old adolescents, (D) clearance behaviour in 20-year old adults.
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of bioparticles with diameters of 0.1 and 1.0 µm clearly 
exceeds that of particles with diameters of 0.01 and 10 µm. 
According to the stochastic clearance model total clearance 
time of the size classes ranges from 65 to 580 d (Figure 4A). 
In the case of children particle-specific retention values are 
remarkably increased with respect to the values of infants, 
resulting in a respective prolongation of clearance duration. 
Therefore, total clearance time assumes values ranging 
from 128 to 650 d (Figure 4B). In adolescents and adults a 
further enhancement of particle-specific retention values 
may be observed, resulting in a renewed prolongation of the 
clearance process. In concrete terms, this phenomenon is 
marked by a duration assuming values between 156 and 680 
d (Figure 4C,D). 

Discussion and Conclusions

Experimental and theoretical clearance research conducted 
during the past decades (4-15) has come to the conclusion 
that the innate defense system of the human respiratory 
tract may vary with regard to its efficiency. Main factors 
having a noticeable effect on this variation are among 
other particle size and shape. Both properties, which play 
an essential role in association with bioaerosols and their 
particulate components (1,32), perform a direct influence 
on clearance, since geometry and size determine the slow 
clearance fractions in the bronchial and alveolar structures 
(4-12,19,20,21,24-27). In addition, an indirect effect on 
clearance is given by these two particle traits insofar as they 
significantly control the deposition behaviour of the inhaled 
substances and, as main consequence of that, the particulate 
fractions being accumulated in central and peripheral lung 
regions (1-12,33-36).

Previous studies provided the clear evidence that 
deposition of airborne particles inhaled by infants and 
children is characterized by valuable discrepancies with 
respect to the deposition of these particles in adolescents 
and adults (1,11,20,36). This age-dependent deposition 
is chiefly based upon two phenomena: First, infants’ and 
children’s lungs noticeably differ in size from adolescents’ 
and adults’ lungs, with most deposition mechanisms 
being more pronounced in small lung structures than in 
large ones. Second, young probands are distinguished by 
highly specific breathing behaviours with high breathing 
frequencies and small tidal volumes, whereas older subjects 
tend to continuously decrease the number of breath-cycles 
per minute and to permanently increase the tidal volume 

(1,11,20). The breathing behaviour in infants and children 
results in a preferential deposition of inspired particles in 
the upper and central airways. In contrast, adolescents and 
adults exhibit enhanced particulate penetration depths with 
preferred deposition sites of the inhaled substances being 
situated in the central and peripheral airways (1,11,19,20).

According to the results presented in this contribution 
clearance of biogenic particles has a higher efficiency in 
young probands and a lower one in older subjects. This 
circumstance seems to be surprising at first glance, because 
bronchial mucus velocities show a positive correlation 
with age (see above, 11). However, in this case reduced 
airways sizes in the lungs of infants and children play a 
rather decisive role. Although initial mucus velocities 
in infants assume values being 80% lower than those in 
adults, average lung sizes of 1-year-old probands amount 
to only 40% of those measured in adult subjects (1,11,20). 
Combination of these two observations and addition of the 
find, according to which particle deposition is significantly 
shifted to the upper airways in small lungs, leads to the 
result that clearance time in young subjects assumes values 
being 20% lower than those in adults.

Although particle filtering in the extrathoracic and 
upper bronchial airways as well as clearance efficiency 
show a negative correlation with proband’s age, long-term 
exposure to certain biogenic particles may induce diverse 
insufficiencies in the respiratory system (11,24,25). Among 
these possible diseases, allergic and inflammatory reactions 
may occur with highest frequencies, whereas more serious 
injuries causing a permanent modification of the epithelial 
structure and, as a consequence of that, the whole lung 
architecture possess a much lower probability. According 
to the results of the associated deposition study (1) and 
the modeling data presented here, biogenic particles of 
intermediate size (0.5–1.0 µm) may dispose of increased 
deposition fractions in the alveoli and, thus, bear an enhanced 
and age-independent hazardous potential. Theoretical 
studies, however, recommend the avoidance of long-term 
bioaerosol inhalation by either decreasing outdoor activities 
during periods of enhanced distribution of bioparticles in 
the atmosphere or keeping away from regions with increased 
bioaerosol concentration in the ambient air.

Based upon the theoretical data presented in part 1 and 
2 of the bioaerosol study it may be concluded that biogenic 
particles play an essential role in occupational hygiene and, 
therefore, have to be subjected to further detailed studies in 
the future.
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