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Background: Although nanoparticles and their hazardous effects on human health are well elucidated
meanwhile, inhalation and distribution of these materials in the human respiratory tract still represent partly
enigmatic phenomena. Main objective of the present study was the detailed description of a mathematical method,
with the help of which spatial distributions of nanoparticles deposited in the tracheobronchial tree may be visualized
appropriately.

Methods: The technique is founded on a stochastic model of the bronchial network, within which inhaled
particles follow individual, randomly selected trajectories. The lengths of these random paths depend on the airway-
specific deposition probabilities calculated for the particles and the duration of the breath cycle. Positions of the
deposited material were determined by computation of the exact lengths of individual particle trajectories and the
orientation of single path segments within a Cartesian coordinate system, where the z-direction corresponds with
the trachea. For a better quantification of the particle distribution and its eventual comparison with experimental
data particle coordinates were fitted into a voxel grid [1 voxel = (0.467 cm)’]. Particle deposition is chiefly controlled
by diffusive processes, whereas deposition mechanisms associated with inertia or gravity play a subordinate role.
Results: Deposition patterns were visualized for particles with sizes of 1, 10, and 100 nm. As clearly demonstrated
by the results obtained from the modeling procedure, under normal breathing conditions 1-nm particles tend to
deposit in the upper airways, whilst 10- and 100-nm particles are preferably accumulated in the airways of the
central and peripheral lung. The particle dose deposited in the extrathoracic and thoracic airways within one breath
cycle significantly declines with increasing particle size.

Conclusions: Based on the predictions presented in this study possible consequences of nanoparticle inhalation

to the health of subjects increasingly exposed to these airborne materials were discussed.
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Introduction

By definition, nanoparticles represent particulate substances
with equivalent or aerodynamic diameters adopting values of
less than 100 nm (1,2). In extreme cases their size measures
only several nanometers and therefore becomes comparable
with the size of molecules. From a medical point of view,
nanoparticles are of enhanced interest because of their
ability to enter the human body via the gastrointestinal,
dermal or inhalative path (3). In the respiratory tract
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particles of the nanometer scale, which are deposited on
the bronchial or alveolar walls, have the ability to enter the
cardiovascular system within several minutes (4), as far as
they are not seized by mucociliary clearance or, after their
agglomeration, by macrophage-mediated removal (5,6).
Once the nanomaterials have attained the blood capillaries,
they may unfold their unwholesome impact, ranging
from an increase of plasma viscosity due to enhanced

sulfur dioxide and particulate levels (7) to a dramatic rise
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of the blood coagulability and subsequent stenosis of the
coronary vessels (8). In addition to these intravascular
effects, nanoparticles may also induce marked cell damage,
extensive fibrosis, and malignant transformations resulting
in the development of lung carcinoma (9).

As soon as nanoparticles are taken up into the respiratory
system, they are seized by a number of forces and, in the
case of nonsphericity, also torques, which determine their
transport within the bronchial and alveolar structures. As
found by several experimental studies (10-13), nanoparticle
transport through the lung compartments represents a
process mainly controlled by Brownian motion, whereas
particle inertia and gravity execute only minor influences on
the intrapulmonary trajectories of the inspired substances.
Nanoparticles characterized by extremely anisometric
geometries (e.g., carbon nanotubes) are additionally grasped
by interception, where complex torques result in a contact
of the particle with the airway wall, although the center
of particle mass follows the stream lines of the inhaled
air (14,15). Predominance of Brownian motion leads to
an effect, which is commonly known as extrathoracic and
upper-bronchial particle filtering and significantly reduces
the ability of nanoparticles to penetrate into the deep lung.
This phenomenon, however, continuously declines with
increasing particle size (16).

Data on the precise distribution of nanoparticles in
different structures of the human lung are only available
in low amounts hitherto, but could help to increase our
knowledge concerning the exact behavior of this particulate
substance in the inspired air stream. Meanwhile, deposition
models have reached a high level of predictive accuracy,
enabling the simulation of a great variety of particle
deposition scenarios (17-19). Since modeling results are
increasingly confirmed by respective experiments or, with
other words, model validation continuously accompanies
the development of the theoretical approaches, computer
simulations dealing with particle deposition in the lung find
an increasing acceptance in respiratory medicine (20).

As most particle deposition models only provide
numerical data, which may be submitted to a statistic or
graphical analysis, information on the real distribution of
particles deposited in the airways and alveoli largely remains
hidden in obscurity. In the study presented here, deposition
patterns of various nanoparticles (1, 10, 100 nm) were
visualized with the help of a computer model allowing the
attribution of three-dimensional coordinates to each particle
deposited in the tracheobronchial tree and the processing of
huge amounts of three-dimensional data. Intrapulmonary
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particle distributions visualized by this means are compared
with ‘conventional’ deposition data generated with a well
validated stochastic model (21).

Methods
Generation of spatial particle deposition patterns

The production of spatial deposition data of various
nanoparticles was conducted by using the stochastic particle
transport and deposition model (IDEAL 6.0) formerly
developed by Koblinger and Hofmann (21). This approach,
which was subjected to further improvements in the past
two decades (17-19), is founded on a probabilistic lung
architecture that was generated by the detailed statistical
evaluation of lung-morphometric data (22) and the definition
of related lung generation-specific probability density
functions. For the construction of individual bronchial airways
and, consequently, the achievement of intrasubject variability
selection of morphometric data out of these functions was
carried out with the help of the random number concept
(Figure 1A). Particle transport within the probabilistic structure
of the tracheobronchial tree was realized by the random
walk method, according to which particle trajectories follow
a randomly selected path through the network of bronchial
airways and acinar ducts. During their transport through
the air-conducting structures of the respiratory tract inhaled
particles are subject to various forces and, in the case of
extremely anisometric particle geometries, also torques, which
influence their aerodynamic behavior and their probability
of being deposited on the airway walls. In general, Brownian
motion, sedimentation, inertial impaction, and interception
may be identified as main mechanisms in association with
intrapulmonary particle deposition. Concerning particles of
the nanometer scale, these mechanisms are chiefly reduced to
Brownian motion and interception, whereas sedimentation
and inertial impaction play a very subordinate role. Particle
deposition was computed by using empirical and analytical
formulae, which were formerly defined for bent cylindrical
tubes (21,23). Respective deposition data were commonly
expressed as deposition probabilities or deposition efficiencies,
whereby summative deposition probability of an inspired
particle was obtained by simply multiplying the respective
deposition probabilities computed for each airway generation
(Table 1). Statistical evaluation of particle deposition was
conducted by application of the Monte Carlo concept as well
as the method of statistical weights (21,24,25).

For the production of spatial deposition data three-
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Figure 1 Basic concepts of the spatial visualization of particle deposition in the human respiratory tract. (A) Tracheobronchial tree generated

with the stochastic model. (B) Localization of a particle deposited in a specific airway tube is conducted by measuring the distance between

starting point of the airway and deposition site and determining the polar coordinates of the particle. (C) Generation of a spatial sequence

of airway tubes by using the rotation angles a and y (see text). Construction of bronchial paths and simulation of particle transport within

the tubular sequences takes place in a Cartesian coordinate system, where the z-direction is defined by the trachea. Quantification of particle

deposition is realized with the help of a voxel grid [1 voxel = (0.467 cm)’].

dimensional coordinates of a particle deposited in a
randomly oriented airway tube had to be determined. For
fulfilling this processing step in an appropriate way, the
central axis of that airway tube, in which particle deposition
had taken place, was defined as the x-axis of a preliminary
coordinate system with its origin at the starting point of the
respective airway. Within the cylindrical structure, the exact
position of the deposited particle was expressed by a point
vector, p, which is defined by the mathematical formula

l
p =| rcos(g) (1]
rsin(@)

In the equation noted above, r represents the radius of
the airway tube, whilst ¢ describes the angle between a line
oriented parallel to the y-axis of a Cartesian coordinate system
and the supporting vector p;. The factor | denotes the distance
between origin of the airway and particle (Figure 1B).

In order to describe the spatial orientation of all airways
belonging to a bronchial sequence, within which particle
transport and deposition had taken place, the provisionally
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generated point vectors of Eq. [1] had to be converted to
a Cartesian coordinate system with the trachea (airway
generation 0) defining the z-direction. By definition, the
x-axis of this coordinate system corresponds with the
x-direction of the preliminary coordinate system used for
Eq. [1]. Conversion of the coordinates was conducted by
application of two rotation angles, a and y, which describe
the rotation of a given airway tube relative to the z-axis
and relative to the x-y-plane (Figure 1C). Mathematically,
rotation of each airway tube was realized by using the two
rotation matrices A and I':

cos(a) sin(er) O
A=|-sin() cos(e) O (2]
0 0 1
cos(y) 0 —sin(y)
r= 0 1 0 (3]
sin(¥) 0 cos(y)

The transformed vector, pr, was obtained by multiplying
the vector p with the two rotation matrices A and I' in the
following way:
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Table 1 Deposition mechanisms and related mathematical equations for the computation of particle deposition in different structures of

the respiratory tract (21,23)

Mechanism Equation(s)

Variables Coefficients

Cylindrical tubes
2

Brownian motion p,=1- zai exp(~bx)—a, exp(—b4x5),
x=LD/2R%

Sedimentation  p =1-exp[-(4gCpr’Lcosp)/(9muRv)]

Inertial impaction p, =1-(2/z)cos™ (©St)+(1/ x)sin[2cos ™ (OSt)]
for @St <1; ;=1 for @St >1

Inertial impaction p,,, ., =a exp[—exp(b—cSt)],

and interception 1

(only for extremely St=[p(df*)’V1/18uD,

anisometric

particles)

D, diffusion coefficient; R, radius of the tube; a,=0.819, b,=7.32;
L, length of the tube; v, mean flow velocity

a,=0.098, b,=44.61;
a,;=0.033, b;=114.00;
a,=0.051, b,=79.31

g, acceleration of gravity (9.81 m s); ¢, angle -
of tube relative to gravity; p, density of the
particle; C, cunningham slip correction factor;

r, radius of the particle; p, viscosity of the fluid

0, branching angle; St, Stokes number -

St, Stokes number; p, density of the particle; a=0.8882, b=1.6529,
d, diameter of the particle; 3, aspect ratio;
V, mean velocity of the particle; p, dynamic
viscosity of air; D,, diameter of the airway

c=4.7769

Spherical spaces (uniform distribution of particles in the air, ideal alveolar mixing)

Brownian motion p, =1-(6/7°) (1/n*)exp(-Dn’*z’t/ R*) nruns from 1 to eo; D, diffusion coefficient; -

Sedimentation D, =0.5(ut/2R)[3—(uit/2R)’]

p.=1 if t22R/u,

t, time; R, alveolar radius
if t<2R/ug; U, settling velocity -

pT:F'(A'p) (4]

For randomly generated paths consisting of more than
one bronchial airway each tube had to be transformed
according to the above-described procedure, finally resulting
in a sequence of vectors. Spatial information produced in
this way was stored in a specific array containing respective
three-dimensional coordinates of all particles (e.g., 10,000)
that had undergone a deposition event (24-26).

For the statistical evaluation of spatial particle deposition
and quantification of three-dimensional particle distribution
in the tracheobronchial tree, a specific voxel grid was used
(Figure 1C). In correspondence with the current resolution
of medical imaging techniques (e.g., SPECT), one cubic
volumetric unit (voxel) was selected to adopt a volume of
0.102 cm’. In general, voxel size is used as a main criterion for
determining the resolving power of a visualization method (24).

Computer-aided visualization of spatial deposition data

Visualization of spatial particle distribution within the
tracheobronchial tree took place by using a specific

© Annals of Translational Medicine. All rights reserved.

software, which is able to plot huge data sets containing
thousands of coordinates and to render generated surfaces
in an appropriate way. One possibility of fulfilling these
demands is given by the Open Visualization Data Explorer
that was formerly developed by IBM'™. Originally
conceived for UNIX work stations this software also runs
on modern personal computers in the meantime. All
graphical output produced by the Open Visualization Data
Explorer can be manipulated in multiple ways, for instance
by changing colors, views and sizes (Figure 24-C). One of
the most important functions of this software is the ability
to generate oriented sections through the three-dimensional
particle distribution plots. Also the surface of the lung
may be visualized and represented by respective sections
(Figures 2D,3,4).

Model parameters

Spatial deposition modeling was conducted by assuming
spherical unit-density nanoparticles with a size of 1, 10,
and 100 nm, respectively. Inhalation of the particulate
matter was supposed to take place under light-activity
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Figure 2 Output variations produced with the spatial model: (A-C) various views on the spatial particle deposition pattern and the lung

surface; (D) spatial deposition pattern of 1-nm particles.

Figure 3 Planar, median deposition patterns of three different nanoparticles: (A) 1-nm particles; (B) 10-nm particles; (C) 100-nm particles.

breathing conditions. According to the recommendations
of the ICRP (20), this breathing mode is characterized
by a tidal volume of 1,250 mL, a breath-cycle time of
3 s (breath-hold: 0 s), and inspiration through the mouth.
Computations were carried out for an average lung of a
Caucasian male with a functional residual capacity (FRC)
of 3,300 mL and a total lung capacity (TLC) of 5,500 mL.
Nanoparticle deposition in the extrathoracic and acinar
region predicted by the stochastic model were computed
by application of empirical and analytical formulae
resulting from regression analyses and theoretical

© Annals of Translational Medicine. All rights reserved.

considerations (20,21).

Results

Visualization of nanoparticle distribution in the
tracheobronchial tree

As clearly demonstrated in Figure 3, spatial deposition
patterns resulting from the inhalation of 1-nm particles
remarkably differ from respective deposition patterns
generated for larger nanoparticles (10 and 100 nm in size).

www.atmjournal.org Ann Transl Med 2015;3(21):326
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Figure 4 Vertical and horizontal sections through the spatial distribution of 10-nm particles deposited in the tracheobronchial tree: (A)

median vertical section (compare with Figure 2B); (B) section plane shifted in ventral direction by 10 voxels; (C) section plane shifted in

ventral direction by 20 voxels; (D) horizontal section through the apical lung (height relative to lung base: 45 voxels); (E) horizontal section

through the middle lung (height: 35 voxels); (F) horizontal section through the basal lung (height: 25 voxels).

Within the tracheobronchial tree, deposition of particles
adopting a size of 1 nm is concentrated in the uppermost
airways (trachea, main bronchi, and lobar bronchi) and
continuously decreases towards the central and distal
airways. As a consequence of this deposition behavior,
alveolated airways are occupied by these nanoparticles
only in negligible number. A contrary picture is given for
10-nm particles, which are distributed over the whole
tracheobronchial tree and provide some deposition maxima
in the deeper lungs. Here, enhanced deposition starts in
the main bronchi and is continued towards the alveolated
structures. Comparison of deposition patterns generated
by 10-nm particles with those generated by 100-nm
particles shows that larger nanoparticles are accumulated
in the tracheobronchial structures with lower quantities.
This circumstance is among other expressed by the lack of
discrete deposition maxima in the case of 100-nm particles.
Another essential feature of the 100-nm particle deposition
pattern is a further translocation of deposition sites towards
more peripheral lung regions.

For a more detailed insight into the deposition behavior
of 10-nm particles, three vertical and horizontal sections
through the spatial particle distribution pattern were
generated, respectively (Figure 4). Thereby, the vertical

© Annals of Translational Medicine. All rights reserved.

images include a median section as that already provided
in Figure 3 and two sections shifted in ventral direction (10
voxels and 20 voxels). Horizontal images contain an apical
section (height measured from the lung base: 45 voxels), an
intermediate section (height: 35 voxels) as well as a basal
section (height: 25 voxels). The sections markedly exhibit
higher nanoparticle concentrations in the central and lower
lung and thus underline the high penetration depth known
for this particle category.

Particle deposition patterns predicted by the stochastic model

Regional deposition data depicted in Figure 5A already
correspond very well with the results obtained from
the spatial visualization procedure. As exhibited by the
quantitative predictions of the stochastic model, 1-nm
particles preferably deposit in the extrathoracic region
(33.6%), followed by the bronchial region (59.2%) and
the acinar compartment (0.98%). Hence, total deposition
of this nanoparticle amounts to 93.7%. A significantly
different picture is given for the 10-nm particles, which
are deposited in the extrathoracic region by 7.64%, in the
bronchial region by 29.2% and in the acinar region by
36.3% (total deposition: 73.1%). The 100-nm particles

www.atmjournal.org Ann Transl Med 2015;3(21):326
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Figure 5 Predictions of nanoparticle deposition obtained from the stochastic particle transport and deposition model (21): (A) Total and

regional deposition of three different nanoparticles. Regional deposition was subdivided into extrathoracic, bronchial, and acinar (= ductal +

alveolar) deposition. (B) Airway generation-specific deposition graphs generated for three different nanoparticles.

show an extrathoracic deposition of 1.94%, a bronchial
deposition of 4.74%, and an acinar deposition of 17.2%,
resulting in a total deposition of 23.9%.

As another possibility of the quantitative representation
of intrapulmonary particle deposition, airway generation-
specific deposition graphs were generated (Figure 5B).
Concerning the local deposition of 1-nm particles,
maximum particle concentration may be attested for the
upper airway generations 6 to 10. Respective deposition
efficiencies range from 4.7% to 5.7%. Whilst in airway
generations 0 to 5 deposition efficiency uniformly adopts
values >3.7%, in central and peripheral airways it is
subject to a rapid decline. With regard to 10-nm particles,
deposition efficiency performs a permanent increase from
airway generation 0 (trachea) to airway generation 17,
thereby adopting a maximum value of 6.82%. In more
distal airway generations (>18), deposition efficiency rapidly
decreases, with respective values <0.1% being recognized
for airway generation numbers >24. Deposition efficiency
of 100-nm particles is also continuously enhanced from
the trachea to the peripheral lung, but, compared to the
10-nm particles, this increase takes place in a significantly
diminished fashion. Maximum deposition efficiency is
attained in airway generation 19 and adopts a value of 2.42%.
Valuable deposition continues to airway generation 25.

Discussion

Mathematical models describing the deposition of particles
in the human respiratory tract are subject to a long tradition.

© Annals of Translational Medicine. All rights reserved.

Early approaches of the 1970s intended the prediction
of particle deposition within a symmetric (deterministic)
lung structure or, alternatively, within a so-called ‘trumpet
model’ of the tracheobronchial tree, where cross sections
of all airways belonging to a specific airway generation
are summarized and particle deposition is described as
function of these summative cross sections (27,28). Since
the 1980s particle deposition models have continued their
evolution insofar as deterministic lung architecture has
been successively replaced by a more realistic stochastic
structure (21,22,29). This morphology, which has been
applied either to the lobar lung regions (23) or to the whole
tracheobronchial section (21,22), produces a morphometric
variability of the bronchial tubes within a given airway
generation. As a main result of this phenomenon commonly
known as ‘intrasubject variability’, distances from the
trachea to the closing sacs are not constant anymore, but
are subject to a partly remarkable variation. Most current
particle deposition models follow two primary goals: firstly,
they want to present particle aerodynamics in the different
lung structures in a highly realistic manner, thereby using
the Navier-Stokes equation as mathematical basis; secondly,
they want to increase the quality of visualization of particle
deposition in single airway bifurcations or in the entire
tracheobronchial tree (14,24-26).

As already demonstrated in earlier contributions (24-26),
generation of a three-dimensional lung structure and single
particle trajectories running through the stochastically
constructed sequences of airway tubes enables the
computation of spatial deposition data. These results may
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be visualized as three-dimensional distribution plots or, in
order to increase the compatibility with other visualization
techniques (e.g., CT or MRT), as sectional distribution
plots. Reliability of the spatial deposition models has been
already proofed for particles of the micrometer scale,
where partly excellent correspondence between theoretical
predictions and related data obtained from single photon
emission computer tomography (SPECT) measurements
was attained (30). In the meantime, also changes of spatial
particle distribution due to the mucociliary clearance
process were simulated and visualized. Here future efforts
primarily include the consideration of slow clearance
mechanisms, which are mainly located in the small ciliated
airways and in the alveolar structures (31-34).

According to the spatial deposition model, transport and
deposition behavior of nanoparticles entering the respiratory
tract may be interpreted as a phenomenon, which is chiefly
controlled by particle size. Whilst 1-nm particles mostly
deposit in the upper regions of the respiratory tract,
100-nm particles exhibit a completely contrary tendency
regarding their deposition. Highest fractions of these ‘large’
nanoparticles are accumulated in the acinar compartment,
whereas the extrathoracic and bronchial regions are only
occupied by low fractions. From a physical point of view,
deposition of nanoparticles is mainly driven by Brownian
motion, whose efficiency is subject to an exponential decline
with growing equivalent or aerodynamic diameter of a given
particle. Numerous experimental studies could demonstrate
that in the case of spherical nanoparticles plotting within
a size range of 1 to 100 nm particle depositions on the
bronchial and alveolar walls are instead of is almost
solely controlled by diffusive processes except for the
circumstance that the particle has an extremely anisometric
shape. Nanoparticles with extraordinarily high aspect ratios
(carbon nanotubes) additionally undergo a deposition by
interception (14,35). For particles with sizes greater than
0.5 pm mass becomes a physical determinant with increasing
importance insofar as deposition mechanisms founded on
inertia and gravity start to receive a certain predominance
(19-21). With regard to ‘large’ particles exceeding a size
of 3 pm Brownian motion only plays a negligible role and
is clearly surpassed in efficiency by inertial impaction,
interception, and gravitational settling (21,36).

As already outlined in the introduction, inhalation of
nanomaterials in high doses may result in a significant
impairment of health. Fortunately most nanoparticles are
of artificial origin and thus do not occur in aerosolized
form in the ambient air. Measurable exposure to primary

© Annals of Translational Medicine. All rights reserved.
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or agglomerated nanoparticles is documented for specific
industrial workers, whereby uptake of the nanomaterials
may take place via inhalation, ingestion or the dermal
path (3). The hazardous effect of nanoparticles depends
on several factors, among which biosolubility, particle
geometry, and the ability of binding foreign elements
on the particle surface are of enhanced relevance (37).
Epidemiological as well as experimental and theoretical
investigations could demonstrate that nanoparticles may
bear the potential to induce inflammatory processes or,
in the worst case, also malignant transformations (37).
Although numerous health hazards originating from the
uptake of nanoparticles have been documented hitherto,
respective risk assessments concerning this specific
particle category are still rather dissatisfactory. Here,
theoretical models describing the spatial distribution of
nanoparticles in the respiratory tract might provide a
valuable support. Besides their possible contributions to
future risk assessments theoretical approaches like that
introduced in this paper may find two further applications
in the following years: firstly, they might provide significant
support with regard to the optimization of inhalative
therapies and, secondly, they might contribute to the design
of inhalation experiments, which help to better understand
the aerodynamic specificities of diverse nanomaterials.
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