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Deposition of diesel exhaust particles in the human lungs:
theoretical simulations and experimental data
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Background: Based on numerous experimental and epidemiological studies diesel exhaust particles (DEPs)
have been evaluated as serious health hazards, whose uptake by inhalation causes an increase of the relative
risk for lung cancer. Due to this circumstance, experimental and theoretical knowledge on the transport
and deposition behaviour of such particles in the respiratory tract has to be permanently improved. Here,
respective support is provided by models predicting aggregate shape and transport with high accuracy.
Methods: Aggregate shape was modeled by using the computer program AGGREGATE, where
respective particles are constructed from equally sized spherules by application of the random walk concept.
Intrapulmonary transport and deposition of the particulate mass were simulated for a stochastic lung
architecture and under the assumption of mathematically describable deposition mechanisms (Brownian
motion, inertial impaction, interception, gravitational settling). Computations were conducted for particles
ranging in size from 50 to 250 nm. In addition, three different breathing scenarios (sitting, light exercise,
heavy exercise) were considered.

Results: According to the results of the deposition computations theoretically constructed DEP aggregates
exhibit decreasing total and regional deposition with growing particle diameter. Depending on aggregate
size and breathing conditions, total deposition ranges from 15.7% to 71.5%, whereas tubular deposition
adopts values between 10.1% and 35.2%. Alveolar deposition may be quantified with 4.7% to 27.0%. Except
for alveolar accumulation of aggregates <100 nm, deposition of DEPs negatively correlates with breathing
intensity. Local deposition of such aggregates is commonly characterized by the development of respective
modes in airway generations 20 to 22.

Conclusions: The present study leads to the conclusion that DEPs may bear the potential for an increased
deposition in those lung regions, which are highly susceptible for the development of lung cancer. Thereby,
the amount of particulate mass accumulated in airways and alveoli depends on both particle size and the
intensity of particle uptake by inhalation.
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Introduction

In general, diesel exhaust has to be regarded as complex
mixture of combustion products of diesel fuel. The exact
composition of this mixture, however, depends on numerous
factors, among which the type of engine, operating
conditions, the oil used for lubrication, additives, presence
of an emission control system, and fuel composition
play an essential role (1,2). According to several studies
conducted in the 1980s diesel engines of light-duty vehicles
(automobiles, light trucks) emit 50 to 80 times as much
particulate mass as typical catalyst-equipped gasoline
engines, whereas diesel engines of heavy-duty vehicles
(trucks) even produce a particle emission, which is 100 to
200 times as high as that of gasoline cars (3). Experimental
investigations could furnish proof that the vast majority
of diesel exhaust particles (DEPs) is characterized by
aerodynamic diameters ranging from 0.10 to 0.25 pm
(4-7). Furthermore, it could be demonstrated that the
particle size distribution of diesel exhaust has to be
evaluated as bimodal, with a strict separation between
particles formed by nucleation and those generated by
agglomeration of nuclei particles (8,9). With regard to its
chemical composition diesel exhaust shows some specific
features: Besides an inorganic fraction primarily consisting
of small elemental carbon particles (0.01 to 0.08 pm), it
contains organic compounds, sulfate, and some inorganic
additives and components of fuel and motor oil (10). The
organic compounds included in diesel exhaust emissions
among other consist of hydrocarbons, hydrocarbon
derivates, aldehydes, polyaromatic hydrocarbons (PAHs),
PAH derivatives, multifunctional PAH derivatives,
heterocyclic compounds, heterocyclic derivatives, and
multifunctional derivatives of heterocyclic compounds (11).

DEPs are marked by their large surface area, which
facilitates the adsorption of large amounts of organic
material originating from unburned fuel, lubricating oil,
and pyrosynthesis during fuel combustion. Among these
organic substances several compounds, such as PAHs
and nitro-PAHs, have to be classified as mutagens and
carcinogens (12,13). Concerning the carcinogenicity of
diesel exhaust, most data supporting such hazardous effects
come from experiments with laboratory animals (14-16)
and mechanistic studies (15-19). Scientific investigations
conducted in humans, on the other side, have only yielded
limited evidence for the noxious potential of DEPs hitherto.
In the majority of contributions occupational exposure to
the exhaust of diesel engines was directly associated with
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enhanced rates of lung cancer, whereby transportation and
construction workers crystallized out as highly neuralgic
group of probands (17,20,21). Since the identification of
DEPs as human carcinogens (17-21) numerous additional
epidemiological studies have been carried out. They
unanimously came to the conclusion that exposure to diesel
exhaust increases the relative risk for lung cancer by a factor
of 1.2 to 2.21 (22-30). Any adjustments for smoking or
other exposures did not significantly alter this enhancement
in risk. In addition, it could be found that also other tissue
sites, particularly the urinary bladder, bear increased risks of
cancer (31,32).

Experimental studies focusing on the aerodynamics of
DEP in the various structures of the respiratory tract can
be subdivided into two categories: besides investigations
of particle behaviour in artificial casts of parts of the
tracheobronchial tree (33) also respective research including
inhalation uptake of particulate mass by human probands
can be recognized (34-36). Concerning the theoretical
simulation of DEP deposition in the human respiratory
tract a continuous increase of predictive accuracy could be
achieved during the past decade (37-44). This circumstance
may be, among other, related to a more precise modeling
of irregular particle shapes (45,46) and the application
of stochastic lung architectures (47-52), which allow
the generation of almost realistic frame conditions.
According to the results presented in the experimental
and hypothetical studies DEPs preferably deposit in the
upper and central airways of the respiratory tract under
normal breathing conditions. Any increase of the inhalation
flow rate, however, results in the enhanced transfer of the
particulates into the alveolar region combined with their
intensified deposition in the lung bubbles.

The present contribution pursues two main goals: Firstly,
a comprehensive theoretical description of DEP deposition
in the human lung is provided, thereby using new findings
of particle generation, which are included in the computer
program AGGREGATE (53) developed by the author.
Secondly, the predictive power of the model is subjected to
a thorough validation process, where available experimental
data are compared with related hypothetical results. The
work presents several innovative aspects:

% Precise generation of almost realistic particle shapes
is combined with a highly validated particle transport
and deposition model as well as a stochastic lung
architecture.

% Deposition computations are based on findings of
both empirical and numerical studies and thus bear
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enhanced accuracy.

% The particle generation software enables the rapid
construction of a high variety of particulate shapes
occurring in the ambient air and therefore represents
a reliable approach to the natural conditions.

Methods
Theoretical generation of DEP aggregates

According to microscopic studies DEPs form aggregates
of irregular shape, which typically consist of equally sized
spherical components (Figure I). The aggregates are often
characterized by rather equal extension along the three axes
of a spatial coordinate system (isometric cluster), but can
also occur as chain-like or disk-like constructs. In the first
case, single components are preferably arranged along one
coordinate axis, whereas extension of the aggregate along
the remaining spatial directions is significantly reduced (x >>
y ~ z). In the second case, main extension of the aggregates
takes place along two coordinate axes, whilst the third
spatial dimension remains remarkably underrepresented
(x ~y>>2z).

The theoretical approach to the irregular aggregate
structure of DEPs was conducted by using the computer
code AGGREGATE that had been recently introduced by
the author (53). The program is founded upon a random
walk algorithm, according to which arrangement of single
spherical components along the three coordinate axes takes
place with the help of a random number concept. Starting
from the origin of the coordinate system single components
may be added along six directions of the spatial coordinate
system (+x, =X, +y, -y, +z, —z; Figure 1B-D). After occupation
of a certain position, the next one is simulated by the
program, until the number of pre-defined components is
reached. If a position is already occupied by a spherule,
an additional random walk step is included in the particle
generation routine.

For particulate aggregates constructed in the way
described in Figure 1B-D most essential aerodynamic
parameters such as dynamic shape factors and particle-
related diameters were computed immediately after
definition of the geometric models (Figure 2). Dynamic
shape factors of isometric clusters were approximated
by using the simple equations of Kasper (54), whereas
respective factors of anisometric aggregate structures
were obtained from more complex approaches described
by the same author as well as by Sturm (55). In general,

© Journal of Public Health and Emergency. All rights reserved.

jphe.amegroups.com

Page 3 of 12

isometric clusters are marked by dynamic shape factors >1,
whereby internal voids cause a continuous increase of this
aerodynamic quantity. In the case of anisometric aggregates
irregular structures are typically approximated by using
well defined geometric shapes such as elongated cylinders,
round platelets or prolate and oblate spheroids (51-55).
Dynamic shape factors of these geometric substitutes are
usually greater or even much greater than 1 and depend on
the so-called aspect ratio (= length/width) of the particle
(55-57). For elongated particles any increase of the aspect
ratio results in an enhancement of the dynamic shape
factors, whilst for flat platelets a similar effect can be
observed by permanently reducing the aspect ratio. As
depicted in Figure 2, highly anisometric aggregates and
their related geometric substitutes are characterized by two
distinct dynamic shape factors, one of them being valid
for particle orientation parallel to the stream lines of the
inhaled air, the other for particle orientation perpendicular
to the stream lines. Concerning aggregates ranging in
size from 10 to 250 nm random particle orientation was
assumed throughout the whole respiratory tract, thereby
using a mean value of the two dynamic shape factors noted
above and described in Figure 2 (55-57).

Particle deposition modeling outlined in the next
section was commonly conducted after determination of
aerodynamic particle diameters. As demonstrated in the
graph of Figure 3, the aerodynamic diameter typically
increases with the number of spherical components included
in the particulate aggregate. Whilst for isometric clusters
this physical quantity develops from 100 (1 component &
la 100 nm) to 458 nm (1,000 components a la 100 nm),
for chain-like aggregates an increase of the aerodynamic
diameter from 100 to 478 nm may be observed. With
regard to disk-like aggregates a respective development
of the aerodynamic diameter from 100 to 517 nm may be
recognized.

Deposition of DEP aggregates—modeling assumptions

Deposition of inhaled DEPs in the respiratory tract was
simulated by assuming: (A) a stochastic architecture of
the tracheobronchial tree; (B) randomly selected particle
trajectories through the bronchial and bronchiolar
airway sequences; and (C) a deposition of intrapulmonary
transported aggregates according to mathematically
approachable mechanisms (Brownian motion, inertial
impaction, interception, gravitational settling) (45-55). For
the theoretical generation of statistically reliable particle
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Figure 1 Random walk model for the simulation of DEP shape: (A) microscopic appearance of a typical aggregate originating from the

combustion of diesel fuel; (B) projection of a modeled aggregate on the X-Y plane; (C) projection of a modeled aggregate on the X-Z plane;
(D) spatial appearance of the theoretical DEP simulated with the program AGGREGATE (53). DEP, diesel exhaust particle.

transport and deposition scenarios the Monte Carlo
technique (calculation of a high number of particle paths) as
well as the method of statistical weights allowing multiple
deposition events for a given particle were applied (45,46).
Results produced by the deposition program were presented
in different ways: Besides illustrating the effect of particle
size (expressed in terms of the aerodynamic diameter) on
total and regional (i.e., tubular and alveolar) deposition, also
the dependence of local (i.e., generation-specific) deposition
on particulate dimension was demonstrated for selected
DEP aggregates (50, 150, 250 nm). The density of the
generated aggregates was uniformly set to 1 gecm™ (unit-
density).

Aggregate deposition computations were conducted
under the assumption of three different breathing
scenarios (58): sitting breathing includes particle uptake
through the nasal airways, a tidal volume of 750 cm?, and a
breath-cycle time of 5 s (breath-hold: 1 s). Light-exercise
breathing, on the other hand, is distinguished by oral
inhalation, a tidal volume of 1,250 cm?, and a breath-cycle
time of 3 s (no breath-hold). Heavy-exercise breathing,
finally, is characterized by oral inspiration, a tidal volume
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of 1,900 cm?, and a breath-cycle time of 2 s (no breath-
hold). Computations were carried out for an average lung
of a male Caucasian adult (functional residual capacity:
3,300 cm?®), thereby supposing an additional extrathoracic
volume of 50 cm?.

Results

Total and regional lung deposition of variably sized
aggregates

Under sitting breathing conditions total, tubular, and
alveolar deposition of diesel aggregates are subject to a
continuous decline with particle size increasing from 50
to 250 nm (Figure 44). Whilst total deposition on average
decreases from 71.5% to 25.3%, particle accumulation in
the tubular structures exhibits an average reduction from
35.2% to 13.6% and deposition in the alveoli develops
from 22.7% to 5.3%. A switch from sitting breathing to
light-exercise breathing has several consequences for the
deposition of diesel aggregates in the human respiratory
tract. Total deposition of the particulates generally becomes
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Figure 2 DEP aggregate shapes, their approximations with regular geometric bodies, and their related dynamic shape factors. DEP, diesel

exhaust particle.

reduced by several percent and decreases from 62.6% to
18.9%, when particle size is increased from 50 to 250 nm. A
similar but noticeably weakened trend can be recognized for
tubular deposition, which declines from 33.5% to 12.6%
within the given particle size range. Alveolar deposition
becomes enhanced for particle sizes < 100 nm but decreased
for sizes >100 nm. In general, particle accumulation in the
lung bubbles develops from 26.5% to 5.2% (Figure 4B).
Under heavy-exercise breathing conditions those tendencies
observed after the change from sitting to light-work
inhalation are further continued and intensified. Concretely
speaking, average total deposition is characterized by a
decrease from 55.7% to 15.7%, whereas tubular particle
deposition develops from 26.6% to 10.1% and alveolar
deposition from 27.0% to 4.7% (Figure 4C).
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Generation-specific deposition of aggregates with different
sizes

According to the model predictions DEPs are generally
marked by the tendency of an increased deposition in
central and distal airways (generations 10-25, Figure 5).
The proximal airways (generations 1-10), on the other
hand, are uniformly distinguished by relative deposition
values <1.00%. Under sitting breathing conditions
maximal deposition of 50-nm aggregates occurs in
generation 21 and adopts an average value of 7.06%. With
regard to aggregates measuring 150 and 250 nm in size,
highest deposition could be predicted for generation 20,
thereby assuming average values of 3.46% and 2.23%,
respectively (Figure 5A). Transition from sitting to light-
exercise breathing commonly results in a slight reduction
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Figure 3 Dependence of the acrodynamic diameter of modeled DEP
on the number of spherical components (size of one component:
100 nmy see Figure I) and the basic type of approximated geometric
shape. DEP, diesel exhaust particle.

of average generation-specific deposition values. Highest
deposition of 50-nm aggregates, which is again located
in generation 21, amounts to 6.99%, whereas maximal
deposition values of 150 and 250 nm aggregates (both
also predicted for generation 21) have to be figured out
at 3.09% and 2.21% (Figure 5B). Heavy-work breathing
causes a further reduction of generation-related deposition
of DEP aggregates and, as a side effect, the displacement
of the modes towards more distal lung regions. In concrete
terms, maximal values are now predicted for generation
22 and amount to 6.73%, 2.51%, and 1.80%, respectively
(Figure 5C).

Validation of the aggregate generation and deposition
model

For an appropriate quality management, the used
mathematical approach was validated with experimental
data of DEP deposition in the human lungs (34-36). All
physical and physiological frame conditions outlined in
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these studies were included in the model input routines and
subjected to comprehensive computations. Results of the
experimental lines and related theoretical simulations were
plotted in an X-Y-diagram in order to optimize comparison
of the data sets (Figure 6). As demonstrated in the respective
graph differences of the data sets vary between 0 and 10%
and are therefore rather moderate. All three experimental
data sets could be simulated with almost identical accuracy,
which generally underlines the predictive quality of the
model.

Discussion

In the present contribution, a mathematical approach for
the generation of particle aggregates ranging in size from 50
to 250 nm was subject to a detailed description. In addition,
aerodynamic behaviour of such particulate constructs in
the human respiratory tract was modeled for different
breathing scenarios. Based on predictions produced with the
mathematical model three central statements can be made:
(A) total and regional deposition exhibit a valuable decline
with increasing particle size; (B) any enhancement of the
tidal volume and the related inhalation flow rate results in
a diminution of total and tubular deposition. In the case
of aggregate deposition in the alveolar structures things
become a little more complicated insofar as small DEPs
(<100 nm) are subject to increased deposition, whereas
larger DEPs (>100 nm) also deposit with lower quantities;
(C) with regard to local deposition inhaled DEP aggregates
belonging to three size categories (50, 150, 250 nm)
produce deposition modes in peripheral airway generations
(No. 20-22). Any intensification of breathing causes a slight
mode-shift in distal direction.

With regard to the first point raised above it has to be
noted that particulates of the nano-scale (<100 nm) are
highly affected by the surrounding gaseous medium. Due
to a continuous collisional interaction between particles
and gas molecules enhanced diffusive transport in radial
direction and related deposition can be recognized (46-53).
Particulates exceeding the nano-scale (>100 nm), on the
other side, have to be attributed to a transition flow regime,
where they prove to be too large for intense diffusion-
based transport, but still too small for an enhanced effect
of mass-related transport mechanisms (inertial impaction,
interception, gravitational settling) (56,57). As main result
of this physical phenomenon intrapulmonary particle
deposition permanently declines within a particle size
interval ranging from 50 to 250 nm. In this context, it has
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Figure 4 Dependence of total and regional (= tubular and alveolar) DEP deposition on the size of inhaled aggregates (mean + standard
deviation): (A) sitting breathing; (B) light-exercise breathing; (C) heavy-exercise breathing. DEP, diesel exhaust particle.

to be added that extremely small particles (<10 nm) and
large particles (>1 pm) are most significantly influenced
by diffusion and mass-related transport mechanisms,
respectively, which results in the generation of highest
deposition intensities (46-53).

Predicted reduction of DEP aggregate deposition with
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increasing inhalation flow rate originates from the fact that
axial transport velocity of the inspired particulate mass is
raised remarkably and the time span allocated for radial
diffusion is simultaneously reduced (50-52). Consequences
emerging from this predominance of axial transport over
radial diffusion include the relocation of maximal particle
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Figure 5 Local deposition (mean + standard deviation) of variably sized DEP in airway generations 1 (= trachea) to 30 (= respiratory

bronchioles): (A) sitting breathing; (B) light-exercise breathing; (C) heavy-exercise breathing. DEP, diesel exhaust particle.

deposition into the deeper lung and the noticeable increase
of the exhaled particle fraction (46-53,58). The reasons
for central to peripheral airway generations (No. 15-25)
occurring as primary targets, on the one hand, include the
described competition between axial and radial particle
transport. On the other hand, the diffusion coefficient,

© Journal of Public Health and Emergency. All rights reserved.

jphe.amegroups.com

representing the core quantity of diffusive processes,
indirectly correlates with the square of the particulate
diameter (56,57). Therefore, a fivefold increase of DEP
aggregate size from 50 to 250 nm results in a decrease
of the diffusion coefficient to one-twenty-fifth and a
respective retardation of radial particle transfer. In the small
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Figure 6 Direct comparison between experimental deposition
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airways, inner tubular diameters are on the order of several
millimeters (58), so that aggregates have to surmount
shorter diffusive distances and deposition probability is
again subject to an increase. Positive correlation of alveolar
deposition of aggregates <100 nm and inhalation flow rate is
mainly founded upon the circumstance that with increasing
physiological effort larger particle fractions are enabled
to enter the lung bubbles, where they have to surmount
diffusion distances ranging from 50 to 150 pm (58).
Particulate aggregates deposited in the human respiratory
tract are commonly seized by an innate defense system
consisting of various clearance scenarios (59-65). Whilst
DEPs accumulated in the tracheobronchial airways mainly
undergo fast mucociliary or slow bronchial clearance,
particulate mass deposited in the alveoli is subject to much
slower clearance mechanisms including phagocytotic
activity of macrophages and transcytotic transport processes
with final accumulation in blood capillaries and lymph
vessels. In general, fast particle clearance is completed after
about 24 hours, whereas slow bronchial clearance takes
place over a time span ranging from 25 to about 100 days.
Alveolar clearance, finally, may last several months or, in the
case of subepithelial particle storage, even few years (58-65).
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Conclusions

From the results presented in this contribution it may be
concluded that: (A) DEPs forming variably sized and shaped
aggregates mainly undergo diffusive transport processes
in the respiratory tract; (B) diffusion-based deposition of
these particulate structures chiefly depends on bronchial
morphometry and breathing conditions; and (C) central to
peripheral airways as well as alveoli occur as main targets
of aggregate deposition. Due to the last point, aggregates
originating from combustion processes of diesel fuel have
to be evaluated as serious health hazards after inhalation
uptake.
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