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Introduction

Diesel exhaust particles (DEP) are commonly produced by 
combustion of diesel fuel and represent a complex mixture 
of variably sized and shaped aggregates (1-3). According to 
experimental studies DEP adopt aerodynamic diameters 
ranging from 100 to 250 nm (4-7), so that they may be 
attributed to the category of sub-micron particles. Particle 

size distribution of respective aggregates may be regarded 
as bimodal, whereby smaller particles formed by nucleation 
can be distinguished from those generated by agglomeration 
of the nuclei particles (8,9). As a special feature DEP 
are characterized by large surface areas facilitating the 
adsorption of diverse organic materials, among which 
several compounds have to be classified as mutagens and 
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carcinogens (10,11).
Concerning the aerodynamic behaviour of DEP in 

the human respiratory tract, numerous experimental 
studies were conducted in the past decades. Whilst one 
category of experiments was mainly focused on the 
transport of sub-micron aggregates in artificial lung 
casts (12), another category grappled with the uptake 
of DEP into human probands by inhalation (13-15). 
During the past years experimental investigations dealing 
with DEP were accompanied by theoretical simulations 
describing the deposition of these particulate objects in 
the human respiratory tract. Such deposition models could 
continuously increase their predictive accuracy, because 
(I) more realistic models of lung architecture were used, 
(II) particle transport and deposition scenarios could be 
duplicated by more reliable mathematical equations and 
(III) complex particle shapes were subjected to more precise 
modeling procedures (16-25). Experimental and theoretical 
studies came to the uniform result that, under the 
assumption of normal (sitting) breathing conditions, DEP 
exhibit a preferential deposition in the upper and central 
airways. By increasing the inhalation flow rate, however, 
respective sub-micron aggregates undergo an enhanced 
transport to the distal lung region, finally resulting in their 
intensified deposition in the alveolar structures (20-27).

Experimental and epidemiological studies of DEP 
deposition in the human respiratory tract were mostly 
limited to adults hitherto, although children of different 
age may be also exposed to high extents to these particulate 
substances. Numerous theoretical investigations on particle 
behaviour in children’s lungs could furnish proof that 
particle deposition patterns of adult and subadult probands 
are certainly marked by remarkable similarities, but 
intensities of regional and local particle accumulations partly 
exhibit great discrepancies. In general, particle deposition 
produced by a single breath cycle is much lower in infants 
and children than in adults. These age-related differences of 
deposition, however, can be traced back to several reasons, 
among which age-specific lung morphometry and individual 
breathing habits may be regarded as most essential (28-35). 

In the present contribution deposition of DEP in 
the lungs of children was subjected to a more detailed 
theoretical investigation. Thereby, two different age 
groups, i.e., 5-year-old and 10-year-old probands, were 
distinguished and related lung morphometries were 
generated by appropriate scaling procedures. Besides 
total (extrathoracic and thoracic) deposition of sub-
micron aggregates, also regional (tubular, alveolar) and 

airway generation-specific deposition were modeled in 
order to obtain as much theoretical information on the 
intrapulmonary behaviour of this particle class as possible. 
Model simulations were conducted for two different 
breathing scenarios including sitting breathing on the 
one hand and light-exercise breathing on the other (36). 
The contents presented in this study may be regarded as 
important for several reasons:
	 There are only few investigations dealing with the 

deposition of sub-micron particles in children’s 
lungs, so that any further increase of knowledge 
with regard to this topic can be evaluated as highly 
desirable. 

	 DEP and their effect as triggers of various lung 
diseases stand in the focus of extensive medical 
discussion. Here, theoretical deposition data for 
children may offer valuable support.

	 A main question concerns the concrete change of 
particle deposition during lung development in early 
to intermediate phases of childhood. This problem 
can be partly solved with theoretical approaches.

Methods

Generation of randomly shaped DEP aggregates

The mathematical  algorithm standing behind the 
construction of sub-micron aggregates was described in 
detail in previous publications (37-39), so that only most 
essential features will be outlined in this contribution. In 
general, DEP are thought to consist of a certain number 
of spherical components with equal size. In addition, they 
preferably form so-called isometric clusters, which are 
characterized by equal extension along the three axes of 
a Cartesian coordinate system. Generation of random 
aggregate shapes was conducted by means of the computer 
code AGGREGATE (39). The program is based on a 
random walk algorithm allowing the arbitrary arrangement 
of spherical components along the three coordinate axes. 
Thereby, for the addition of each component a specific 
construction routine determining the exact position of 
this element is passed through. The number of repetitions 
corresponds with the amount of spherical units included in 
the modeled aggregate. 

For each aggregate constructed in the way described 
above essential aerodynamic parameters like dynamic shape 
factors and particle-related diameters were calculated 
by application of well-validated mathematical equations  
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(40-42). Since DEP commonly cover a size range between 
100 and 250 nm (see above), spherical units measuring 
20 nm in diameter were used and randomly arranged to 
respective isometric clusters. The number of components 
included in the DEP aggregates varied between 100 
(smallest size class) and 10,000 (largest size class). For all 
particles simulated with the help of the computer routine a 
physical density of 2.0 g cm−3 was assumed.

Deposition of computer-generated DEP aggregates in the 
human respiratory tract

For deposition modeling of DEP well-validated computer 
routines (15-25,37-39) were used, which are founded upon 
the following theoretical assumptions: (I) a stochastic 
structure of the tracheobronchial tree, (II) random selection 
of particle paths through the bronchial and bronchiolar 
airway sequences, (III) deposition of inhaled aggregates 
by four different mechanisms (Brownian motion, inertial 
impaction, interception, sedimentation) that are defined by 
empirical or analytical formulae (15-25). In order to obtain 
reliable statistics of particle transport and deposition in 
single lung structures, the Monte Carlo technique as well as 
the method of statistical weights allowing the calculation of 
multiple deposition events for a single particle were applied 
(43,44). 

Results obtained from the modeling process included 
total, regional (i.e., tubular and alveolar) as well as local (i.e., 
airway generation-specific) deposition data of variably sized 
DEP aggregates (aerodynamic diameters: 100, 150, 200, 
250 nm). Respective deposition scenarios were computed 
for two different breathing conditions, i.e., sitting breathing 
and light-exercise breathing, whereby in the second case 
tidal volume is increased by 60% and breath-cycle time is 
declined by 40% (28-36).

Theoretical approach to the lung morphometry of children 
with different age

Lung dimensions and related breathing parameters of 
5-year-old and 10-year-old children were approximated 
by means of the logarithmic and exponential regression 
functions introduced in previous publications (45-50). In 
general, lung size of a 5-year-old child amounts to 51.7% 
of the respective size measured in an adult. In a child with 
an age of 10 years, size of the respiratory tract is increased 
to 66.5% of the adult dimensions, so that a significant 
morphometric difference between the two age categories 

used in this study can be recognized. According to the 
computed regression equations functional residual capacity 
(FRC) is enhanced from 767 cm3 (5 y) to 1,730 cm3 (10 y),  
whereas the tidal volume exhibits an increase from 267 
to 461 cm3. Breathing frequency, on the other hand, is 
declined from 30 to 22.4 min−1, resulting in breath-cycle 
times of 2.0 and 2.5 s, respectively. For both age categories 
the complete absence of any breath-hold can be assumed.

Results

Total and regional deposition of DEP in children with 
different age

Under the assumption of sitting breathing conditions total 
deposition exhibits a significant decline with increasing 
DEP size in both age groups. Whilst for children with 
an age of 5 y deposition decreases from 41.5% (100 nm) 
to 24.1% (250 nm), in the respiratory tract of 10-year-
old children deposition performs a respective decrease 
from 44.2% (100 nm) to 25.5% (250 nm). In general total 
deposition of DEP in the older age group surpasses that in 
the younger age group by 1.4% to 2.7% (Figure 1A).

Under the assumption of light-exercise breathing those 
particle size-dependent deposition trends observed for 
sitting breathing are confirmed to a large extent. Within a 
group of 5-year-old children, total deposition declines from 
29.5% (100 nm) to 16.6% (250 nm), whereas for 10-year-
old children a decrease of deposition from 31.4% (100 nm) 
to 17.7% (250 nm) can be observed. Differences between 
the age groups amount to 1.1% to 1.9% and are therefore 
a little bit lower than for sitting breathing (Figure 1B). 
Enhancement of the breathing intensity due to increased 
physical activity commonly results in a remarkable decline 
of total deposition of DEP which ranges from 7% to 12%.

Concerning the deposition of DEP in different regions of 
the respiratory tract (extrathoracic, tubular, alveolar) similar 
trends as noted for total deposition can be recognized. For 
sitting breathing extrathoracic deposition becomes reduced 
from 11.1% (100 nm) to 7.04% (250 nm) in 5-year-old 
children and from 10.0% (100 nm) to 6.44% (250 nm) in 
10-year-old children. Tubular deposition decreases from 
24.8% to 13.6% in younger probands and from 25.4% to 
14.3% in older ones, whereas alveolar DEP accumulation 
is subject to a reduction from 5.63% to 3.46% in children 
with an age of 5 y and from 8.71% to 4.70% in children 
with an age of 10 y (Figure 2A,B).

In the case of young probands performing light physical 
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exercises, extrathoracic deposition exhibits a decrease from 
20.9% to 12.7% (5 y) and from 19.3% to 11.8% (10 y). 
Tubular deposition is characterized by a reduction from 
22.2% to 11.9% (5 y) and from 21.2% to 11.5% (10 y), 
whilst alveolar deposition develops from 5.26% to 3.46%  
(5 y) and from 8.29% to 5.09% (10 y) (Figure 3A,B).

Deposition of DEP in single airway generations

Modeling results obtained for the case of sitting breathing 
are summarized in Figures 4 and 5. For DEP with an 
aerodynamic diameter of 100 nm generation-specific 
deposition varies from 0.0032% (generation 27) to 3.55% 
(generation 20) in the younger age group and from 0.011% 
(generation 27) to 3.90% (generation 20) in the older age 
group (Figure 4A). Diesel aggregates with an aerodynamic 
diameter of 150 nm deposit with 4.07·10−4% (generation 26)  
to 2.66% (generation 19) in 5-year-old children and 
with 0.0014% (generation 28) to 3.02% (generation 20) 
in 10-year-old children (Figure 4B). In the case of DEP 
measuring 200 nm in size, local deposition ranges from 
4.26·10−5% (generation 27) to 2.27% (generation 20) in 
younger probands and from 6.07·10−4% (generation 27) to 
2.50% (generation 21) in older ones (Figure 5A). Aggregates 
with an aerodynamic diameter of 250 nm exhibit a local 
deposition varying between 5.51·10−4% (generation 27) 
and 1.94% (generation 19) in 5-year-old children as well as 
from 9.53·10−4% (generation 28) to 2.22% in 10-year-old 
children (Figure 5B).

Theoretical results obtained for the case of light-
exercise breathing are summarized in Figures 6 and 7. 
Diesel particles adopting an aerodynamic diameter of 

100 nm deposit with 2.49·10−4% (generation 28) to 
3.36% (generation 21) in 5-year-old children and with 
0.0023% (generation 28) to 3.52% (generation 21) in 
10-year-old children (Figure 6A). Regarding DEP with 
an aerodynamic diameter of 150 nm, local deposition 
varies between 2.33·10−4% (generation 28) and 2.41% 
(generation 20) in younger probands and between 
6.12·10−5% (generation 28) and 2.56% (generation 21)  
in older ones (Figure 6B). For DEP with an aerodynamic 
diameter of 200 nm generation-related deposition is subject 
to a variation ranging from 3.42·10−5% (generation 28) to 
1.90% (generation 20) in children with an age of 5 y and 
from 0.00112% (generation 28) to 2.18% (generation 21) 
in probands with an age of 10 y (Figure 7A). With regard to 
DEP reaching a size of 250 nm deposition values between 
1.15·10−10% (generation 28) and 1.76% (generation 21) can 
be observed in younger probands, whereas in older ones 
respective values range from 4.51·10−4% (generation 28) to 
2.0% (generation 21; Figure 7B).

Discussion

The theoretical results presented in this contribution 
underline the hypothesis, according to which DEP are 
deposited in children’s lungs in considerable amounts (28-36).  
Concerning total deposition of aggregates ranging in size 
from 100 to 250 nm several interesting observations could 
be made: (I) independent of the age group, deposition 
values exhibit a negative correlation with the aerodynamic 
diameter of the particulate constructs. This means that 
larger DEP produce higher exhalation fractions than 
smaller ones. (II) Direct comparison of the two age groups 

Figure 1 Total deposition of DEP with aerodynamic diameters ranging from 100 to 250 nm in the respiratory tracts of 5-year-old and 
10-year-old children: (A) sitting breathing, (B) light-exercise breathing. DEP, diesel exhaust particle.
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shows slightly higher deposition rates per breath-cycle in 
10-year-old children than in 5-year-old probands. (III) By 
increasing the breathing intensity (switch from sitting to 
light-exercise inhalation) deposition of DEP per breath-
cycle is subject to a significant decrease. With regard to 
point (I) it has to be mentioned that particles <100 nm are 
mainly affected by diffusion processes, finally resulting 
in their collision with airway and alveolar walls. Particles 
ranging in size from 100 to 500 nm are characterized by 
minimal effects of single deposition mechanisms, so that 
their chance of being exhaled is subject to a continuous 
growth (20-27,45-50). The result summarized under point 
(II) can be led back to the circumstance that tidal volume 
of older children exceeds that of younger ones by about 
73%, resulting in a larger uptake of DEP by inhalation. 
Due to the much greater lung size occurring in 10-year-old 
probands only a small percentage of these surplus particles 
is also involved into respective deposition scenarios (28-36).  

Enhancement of the breathing intensity noted under point 
(III) correlates with a partly dramatic increase of the axial 
transport velocity of inhaled particles, especially in the 
upper airways of the respiratory tract. This phenomenon, 
however, diminishes the probability of DEP deposition 
by lateral diffusion processes noted above (45-50). It has 
to be stated emphatically that all computations are related 
to single breath-cycles. If deposition rates of DEP are 
calculated for a certain period of time (e.g., 24 h) due to 
long-term exposure, younger children are exposed to much 
higher hazards than older children due to the differences in 
breathing frequency. Also any increase of physical activity, 
which may be advantageous with regard to a single breath, 
finally produces higher deposition rates.

Regional deposition of DEP is generally characterized 
by a predominance of particle accumulation in the tubular 
structures of the respiratory tract, whereas the walls of the 
extrathoracic airways and alveoli are hit by much lower 

Figure 3 Regional (i.e., extrathoracic, tubular and alveolar) 
deposition of DEP with different sizes in children’s lungs under 
assumption of light-exercise breathing conditions: (A) 5-year-old 
children, (B) 10-year-old children. DEP, diesel exhaust particle.

Figure 2 Regional (i.e., extrathoracic, tubular and alveolar) 
deposition of DEP with different sizes in children’s lungs under 
assumption of sitting breathing conditions: (A) 5-year-old children, 
(B) 10-year-old children. DEP, diesel exhaust particle.
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particle fractions. Similar to total deposition also regional 
deposition fractions are declined with growing particle 
size but slightly increased from younger to older children. 
Enhancement of physical activity results in a decrease of 
DEP deposition in all lung regions, whereby respective 
accumulation of particles is most significantly declined in 
the extrathoracic region. In the tubular and alveolar lung 
structures activity-related reduction of particle deposition 
turns out more moderate (28-36). According to the 
theoretical computations of this study the extrathoracic 
and thoracic airways represent the main deposition targets 
of DEP. This phenomenon may be largely led back to 
the circumstance that diffusion processes exerting on the 
inhaled particulate mass exhibit highest efficiency in small 
tubular structures (35-42). As an essential consequence of 
the calculation results particle doses per unit area are much 
higher in bronchial and bronchiolar airways than they are in 

the alveolar spheres. Hence, the risk for DEP occurring as 
triggers of diseases in the airway system is increased, whilst 
the probability of alveolar insufficiencies induced by DEP 
seems to be rather limited.

According to the theoretical simulations, highest 
deposition probabilities of DEP can be predicted for more 
peripheral airway generations (16 to 22). Local deposition 
of these sub-micron particles is again influenced by the 
aerodynamic diameter of the aggregates, lung morphometry 
and physical activity. Whilst larger particles commonly 
exhibit lower deposition rates than smaller ones, lung 
size and mode of breathing have two consequences for 
deposition: (I) in analogy to total and regional deposition, 
local particle accumulation is negatively correlated with 
both parameters. (II) The mode of deposition is shifted 
towards more distal airway generations. The phenomenon 
stated under point (II) has to be repeatedly understood as 

Figure 5 Local deposition of DEP with different sizes in children’s 
lungs under assumption of sitting breathing conditions: (A) 
aerodynamic diameter =200 nm, (B) aerodynamic diameter =250 nm.  
DEP, diesel exhaust particle.

Figure 4 Local deposition of DEP with different sizes in children’s 
lungs under assumption of sitting breathing conditions: (A) 
aerodynamic diameter =100 nm, (B) aerodynamic diameter =150 nm.  
DEP, diesel exhaust particle.
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a result of higher lateral diffusion distances occurring in 
larger lungs (10-year-old children) with respect to smaller 
ones (5-year-old children) (28-36).

Conclusions

The results presented in this study lead to several important 
conclusions: 
	 DEP are deposited in children’s lungs in sufficient 

amount, so that they have to be classified as serious 
environmental health hazards.

	 Although older children take up more DEP per 
breath-cycle, over longer periods of exposure 
younger children may accumulate much more 
particles in their lungs and thus represent the more 
endangered age group.

	 Deposition intensity of DEP commonly declines 

with increasing size of the particulate aggregates. 
Thus, agglomerates seem to be less dangerous than 
particles emerging from nucleation.

	 Enhanced physical activity reduces the deposition 
intensity of DEP per breath cycle, but increases 
the amount of accumulated particulate mass over a 
longer time period.
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