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Abstract
Background: Chronic obstructive pulmonary disease (COPD) and asthma are considered as the two most widespread
obstructive lung diseases, whereas they affect more than 500 million people worldwide. Unfortunately, the requirement
for detailed geometric models of the lungs in combination with the increased computational resources needed for the
simulation of the breathing did not allow great progress to be made in the past for the better understanding of
inflammatory diseases of the airways through detailed modelling approaches. In this context, computational fluid
dynamics (CFD) simulations accompanied by fluid particle tracing (FPT) analysis of the inhaled ambient particles are
deemed critical for lung function assessment. Also they enable the understanding of particle depositions on the airways
of patients, since these accumulations may affect or lead to inflammations. In this direction, the current study conducts
an initial investigation for the better comprehension of particle deposition within the lungs. More specifically, accurate
models of the airways obstructions that relate to pulmonary disease are developed and a thorough assessment of the
airflow behavior together with identification of the effects of inhaled particle properties, such as size and density, is
conducted. Our approach presents a first step towards an effective personalization of pulmonary treatment in regards to
the geometric characteristics of the lungs and the in depth understanding of airflows within the airways.
Methods: A geometry processing technique involving contraction algorithms is established and used to employ the
different respiratory arrangements associated with lung related diseases that exhibit airways obstructions. Apart from the
normal lung case, two categories of obstructed cases are examined, i.e. models with obstructions in both lungs and
models with narrowings in the right lung only. Precise assumptions regarding airflow and deposition fraction (DF) over
various sections of the lungs are drawn by simulating these distinct incidents through the finite volume method (FVM)
and particularly the CFD and FPT algorithms. Moreover, a detailed parametric analysis clarifies the effects of the particles
size and density in terms of regional deposition upon several parts of the pulmonary system. In this manner, the
deposition pattern of various substances can be assessed.
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Results: For the specific case of the unobstructed lung model most particles are detected on the right lung (48.56% of
total, when the air flowrate is 12.6 L/min), a fact that is also true when obstructions arise symmetrically in both lungs
(51.45% of total, when the air flowrate is 6.06 L/min and obstructions occur after the second generation). In contrast,
when narrowings are developed on the right lung only, most particles are pushed on the left section (68.22% of total,
when the air flowrate is 11.2 L/min) indicating that inhaled medication is generally deposited away from the areas of
inflammation. This observation is useful when designing medical treatment of lung diseases. Furthermore, particles
with diameters from 1 μm to 10 μm are shown to be mainly deposited on the lower airways, whereas particles with
diameters of 20 μm and 30 μm are mostly accumulated in the upper airways. As a result, the current analysis indicates
increased DF levels in the upper airways when the particle diameter is enlarged. Additionally, when the particles
density increases from 1000 Kg/m3 to 2000 Kg/m3, the DF is enhanced on every generation and for all cases
investigated herein. The results obtained by our simulations provide an accurate and quantitative estimation of all
important parameters involved in lung modeling.
Conclusions: The treatment of respiratory diseases with inhaled medical substances can be advanced by the clinical
use of accurate CFD and FPT simulations and specifically by evaluating the deposition of inhaled particles
in a regional oriented perspective in regards to different particle sizes and particle densities. Since a drug with specific
characteristics (i.e. particle size and density) exhibits maximum deposition on particular lung areas, the current study
provides initial indications to a qualified physician for proper selection of medication.
Keywords: Computational fluid dynamics, Fluid particle tracing, Obstructive lung diseases, Aerosol deposition, Human
airways

Background
Chronic obstructive pulmonary disease (COPD) and
asthma are deemed as the two most frequent life-long
inflammatory maladies of the respiratory system affecting over 500 million people worldwide. Since the assessment of their severity is of paramount importance,
several clinical tools established by ICT infrastructure
[1, 2] have been utilized for this purpose. In addition,
identification of markers and factors that induce asthma
attacks is considered critical to enable instant and accurate treatment. A significant indicator of asthma disease
occurrence is attributed to the ventilation heterogeneity
due to small airways dysfunction [3]. Also, asthma
exacerbations in asthmatic children are stimulated by
airborne fine water particles, which are denoted as important etiological factors [4]. In this framework, the
basic methodology when implementing severity estimation tools is formulated by computational fluid dynamics
(CFD) simulations [5, 6] in conjunction with fluid particle tracing (FPT) analysis of the inhaled ambient particles [7–9]. In this manner, the critical features of airflow,
in accordance with the effect of particle density and size
on particle deposition in the respiratory airways can be
studied. As of today, the inspiration and expiration procedures of lung function have been analyzed by employing several CFD models [10–12]. In addition, various
approaches of lung modeling present calculations of the
particles characteristics [13–16] by taking into account
the data gathered by the CFD analysis.
Moreover, a method that utilizes multidetector computer tomography (MDCT) volumetric data sets, obtained

at diverse inflation levels, in order to assemble a multiscale breathing lung model has been introduced in [17].
Additional aspects of lung modeling have been introduced by [18] that relate to the modeling of respiratory
system topology (conducting airways), lung function
(regional ventilation and boundary conditions), as well
as the features of airflow (particle transport based on
the modeling of turbulent flow). Τhe pathophysiological
mechanisms in COPD and asthma have been examined
by introducing multi-scale computational models of the
airways [19]. A structurally-inspired model of the lung
acinus has been established [20, 21], which involves a
bifurcating tree of alveolated airways with moving walls.
Furthermore, the features of the airflow in the human
respiratory system, between the 8th and 14th generations of the lung, have been studied [22]. The aforementioned approaches are capable of assessing the
behavior of the airflow, as well as the inhaled particles,
by employing numerous turbulence models. However,
the airflow characteristics have not been clarified at the
upper generations, i.e. between the 1st and the 5th, especially when narrowings are involved.
The dose evaluation of ambient particles transported
from a subway microenvironment into the human respiratory tract, as well as the significance of individual
exposure to them, have been described by [23], so that
to provide knowledge for the protection of public
health. As an example, the accumulation of inhaled
particles within the generations of the respiratory
system of an adult woman for several circumstances,
such as sleeping, sitting, light and heavy exercise
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breathing conditions, has been determined by a stochastic lung deposition model [24]. A stochastic lung
model to investigate maximization of the amount of
accumulated particles during a severe asthma attack
[25] has been utilized as the most illustrative methodology to cope with the prediction of asthma exacerbations. Other approaches allow the assessment of the
efficiency of the inhaler procedures embraced for
treating asthma [26], along with the pharmaceutical
components in the form of inhaled particles [27, 28].
Experimental investigation of inhaled aerosol distribution in human pulmonary system based on a 3D
printed lung model has been presented by [29], along
with validation of the associated CFD simulations. The
lack of personalization in estimating the necessary
dosage of inhaled medicines is considered an important shortcoming of the existing technologies for
asthma treatment. An initial investigation regarding
this estimation has been conducted in [30], taking into
account the airflow characteristics at the upper
generations.
The objective of this work is to develop precise models
of the airways narrowings that correlate to respiratory
maladies. Moreover, we provide an extensive assessment
of the airflow features together with clarification of the
inhaled particle attributes as a next step towards attaining effective personalized treatment with properly tailored substances. To pursue these goals, a geometry
processing methodology is established and employed for
the formation of various important models of the pulmonary system. The proposed sequence mitigates several effects that degrade the quality of the surface
models, thus facilitating the required simulations. Apart
from the normal lung case, two obstructed cases are examined, i.e. a model with obstructions in both lungs and
a model with obstructions in the right lung only. The
partially obstructed model is evaluated only for the right
lung to assess the effects of obstructions in the asymmetric behavior of the normal model, since most particles are deposited in the right section as shown by our
initial investigations. These distinct cases are examined
through the finite volume method (FVM) and specifically the CFD and FPT algorithms which allow accurate
deductions about airflow and deposition fraction (DF)
upon numerous parts of the lungs. In addition, a thorough parametric analysis is conducted to identify the effects of particle size and density on their deposition
efficacy upon various sections of the pulmonary system.
In this way, the behavior of various substances with diverse dosages can be assessed in terms of the deposition
pattern that they exhibit. The data obtained demonstrate
potential employment in personalized medical remedy of
lung diseases by providing regional-oriented deposition
information.
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Methods
Structural modeling, parametrization and deformation of
the lung

Geometry processing sequences are established to allow
the simulation of the effects of obstructions in the 3D
lung topology. This approach enables the investigation
of the impact of any narrowings on the airflow into the
lung, by employing a CFD simulation. The proposed sequences are implemented directly on an already available
3D model of the lung [29], obtained from CT scans, by
utilising state-of-the-art techniques. A Laplacian mesh
contraction procedure in the direction of the inward
normal is executed to iteratively apply contractions to
the surface of a certain segment of the mesh. Several
correction procedures are applied to mitigate degradation effects and abnormalities. Furthermore, the lung
geometry is splitted into various parts, such as the
generations and the outlets, as depicted in Fig. 1, to
facilitate the analysis.
Our geometry approach is focused on polygon models
whose surface is represented using triangles. Each triangle
mesh M with n vertices can be denoted by two distinct
sets M ¼ ðV ; F Þ corresponding to the vertices (V) that
represent the geometry information and the indexed
faces (F) of the mesh. Each vertex can be represented
as a point vi = (xi, yi, zi) ∀ i = 1, …n and each centroid
of a face as mi ¼ vi1 þv3i2 þvi3 ∀ i ¼ 1; …l. A set of edges
(E) can be directly derived from V and F, which correspond to the connectivity information. If we denote
with v the vertices of a mesh, then each face can be
represented by its centroid point mi, and its outward
unit normal:
n
^ mi ¼

ðv i2 −v i1 Þ  ðv i3 −v i1 Þ
∀i ¼ 1; …nf
∥ðv i2 −v i1 Þ  ðv i3 −v i1 Þ∥

ð1Þ

where vi1 , v i2 , vi3 are the vertices that are related with
h
i
b ¼ n
^ Tm1 n
^ Tnf ∈R3nf 1 .
^ Tm2 ⋯ n
face fi and n
m

In this section we use the following notation: Lowerand upper-case boldface letters are used to represent
column vectors and matrices, respectively; calligraphic
letters are used to denote sets. The entry in the i-th row
and j-th column of a matrix A is represented by A(i, j),
while the i-th row and j-th column are denoted by A(i, :)
and A(:, j), respectively. Also, (·)T denotes transposition.
Structural modeling

Structural modelling of the lung must include all the
features that describe the geometry of the lung either
in detailed (e.g., 3D mesh) or in consice manner (e.g.,
1D representation). Specifically, the 3D model is
obtained from CT scans by employing state-of-the-art
techniques and it consists of the set of vertices V, the
set of edges E and the faces F. The 1D representation of
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Fig. 1 Patient personalized model of lung geometry up to the 5th generation of the pulmonary airways: (a) Normal case and (b) narrowed
airways geometry (both lungs are obstructed)

the lung is extracted by applying skeletonization [31] approaches directly to the 3D model. In particular, the 3D
mesh is iteratively contracted (simplified) to a zerovolume mesh until each node to be connected to three or
only one nodes. The subsequent 1D representation consists also of a set of vertices V and edges E.
Lung geometry contraction in the direction of the inward
normals

The proposed lung geometry contraction procedure builds
upon the method presented in [32] enabling a unique
geometry processing methodology. This technique suggests removing details and noise from the mesh surface by
employing a Laplacian smoothing process that shifts the
vertices along their estimated curvature normal direction,
as shown in Fig. 2. Initially, we present a short overview of
the method that uses an iterative updating scheme regulated by anchor points that serve as positional constraints.
To be more specific, the vertex positions V are smoothly
diminished along the normal direction by iteratively solving the following minimization problem


~
V′ ¼ argminV kW L LV k2 þ W H kV −V a k

ð2Þ

where Vaj = Vj, j = 1, . . , N, V is the vector with the vertices of the mesh, N is the number of vertices of the
mesh, Vj is the vertex with index j before the contraction

initiates and L is the n × n curvuture flow Laplacian operator with elements:
8
ωi;j ¼ cotai;j þ cotbi;j
>
>
>
>
<
k
X
Li;j ¼
−ωik
>
>
>
i;k∈E
>
:
0

ði; jÞ∈E
i¼j

ð3Þ

otherwise

where ai,j, bi,j denote the angles facing the edge (i,j). These
angles are included to the adjacent triangles that surround
the edge (i,j), as illustrated in Fig. 2(a). Since L is singular,
further anchor constraints are used to ensure a unique solution for V′, attracting the vertices to the geometry.
The solution of the aforementioned optimization problem
is obtained by solving the following system of equations:
#
"
"
#
0
W LL
0
V ¼
ð4Þ
WH
WHV
where WL and WH are diagonal matrices. The analytical
solution can be expressed as:

−1
~′
V
ð5Þ
¼ AT A Ab
"
#


0
WL L
and b=
where A ¼
.
WH
WH V
In order to collapse the entire model into an 1D shape,
various iterations with proper weights are required. After
the first iteration, specific high-frequency details are
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Fig. 2 Geometry of obstructed airways related to the 4th and 5th generation: (a) perspective of surface mesh and geometrical parameters and
(b) narrowing is employed by a percentage of 50%

sorted out and the mesh is remarkably contracted. Nonetheless, the utilization of the same weights WL and WH in
subsequent iterations does not result to any further contraction. Therefore, to increase the collapsing speed, we
augment the contraction weight WL,i for every vertex i
after each iteration.

In order to simplify the geometry and extract the
1D representation as described in [31] a surgery connectivity procedure is required. The resulting mesh
consists of connected nodes that are connected to either to one, two or three nodes. For further simplification, the adjacent nodes are merged into new ones

Fig. 3 1D representation of the patient personalized model of lung geometry: (a)) central pathway and (b) linearized pathway
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and the connections between them are eliminated.
Figure 3 depicts a simplified 1D representation of the
3D geometry.
Moreover, a fine tuning of the contraction weights is required to enhance the mesh contraction procedure and to
achieve a specific narrowing ratio. For this purpose, we
′
intoduce a new weighting diagonal matrix W0L employing
the following formulation:
′

W 0L ¼ ωW 0L

ð6Þ
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to keep fast changes on SDF values unchanged, since
they are natural candidates for segment boundaries.
The bilateral smoothing has three parameters that
are set aspfollows:
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
– w ¼ ⌊ jFj=2000⌋ þ 1, the window size (i.e.
maximum level for breadth-first neighbor selection), where F denotes the set of facets
– σs = w/2, the spatial parameter
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P
– σ r i ¼ 1=jwi j f ∈w j ðSDFðf j Þ−SDFðf i ÞÞ2 , the
j

where ω is a scalar value and 0 ≤ ω ≤ 1.
Termination criteria

The geometry contraction process is an iterative process
that requires termination criteria to be established. In the
case that the geometry collapses to an 1D shape, the
process is repeated until the mesh volume is less than 10−7.
In any other case, we need to estimate the degree of contraction of the airway’s geometry after each iteration. For
this purpose, we employ a shape diameter function (SDF)
based scheme [32] that evaluates the local volume based
on the estimated local diameter assigned to each face of
the mesh, also known as raw SDF values.
Computing raw SDF values For a specific point on the
surface mesh a cone is utilized being centered around its
inward-normal direction (the opposite direction of its
normal). Numerous rays are sent inside this cone to the
other side of the mesh. For each ray of this kind, a check
is employed for the normal at the point of intersection,
while we ignore any intersection where the normal at
the intersection points appears in the same direction as
the point-of-origin (the identical direction is described
as an angle difference less than 90∘). In this way, fake intersections with the outer part of the mesh are removed.
The SDF at a point is denoted as the weighted average
of all lengths of the rays, which fall within one standard
deviation from the median of all lengths. The weights
employed are the inverse of the angle between the ray to
the center of the cone. This is explained by the fact that
rays with greater angles are more frequent, and thus
have reduced weights.
Post-processing of raw SDF values After having calculated the raw SDF value for each facet, the SDF values
that can be used in the segmentation algorithm are the
result of several post-processing steps:
 Facets with no raw SDF values are assigned the

average raw SDF value of their edge-adjacent
neighbors.
 A bilateral smoothing [33] is applied. This
smoothing technique removes the noise while trying

i

range parameter set for each facet fi and
widenotes the set of neighboring facets of
f collected using w in the facet neighbor breadthi
first
search
 SDF values are linearly normalized between [0, 1].

Soft and hard clustering Given a number k of clusters,
the soft clustering is a Gaussian mixture model that consists in fitting k Gaussian distributions to the distribution
of the SDF values of the facets. It is initialized with kmeans++ [34], and run multiple times with random seeds.
Among these runs, the best result is used for initializing
the expectation-maximization algorithm for fitting the
Gaussian distributions.
The hard clustering yields the final segmentation of the
input mesh and results from minimizing an energy
function combining the aforementioned probability matrix
and geometric surface features. The energy function minimized using alpha-expansion graph cut algorithm [35] is
defined as follows:
X 
X 


E ðx Þ ¼
ð7Þ
e1 f ; xf ; þλ
e2 x f ; x g
f ∈F





ff ;g g∈N


 
 
e1 f ; xf ¼ −log max P f jxf ; ε




−log ðθðf ; g Þ=π Þ xf ≠xg
e2 x f ; x g ¼
0
xf ¼ xg

ð8Þ
ð9Þ

where F denotes the set of facets, N denotes the set of
pairs of neighboring facets, xf denotes the cluster
assigned to facet f, P(f| xp) denotes the probability of
assigning facet f to cluster xp, θ(f, g) denotes the dihedral angle between neighboring facets f and g : concave angles and convex angles are weighted by 1 and
0.1 respectively, ε denotes the minimal probability
threshold, λ ∈ [0, 1] denotes a smoothness parameter.
Deriving airway narrowing ratio The SDF values
assigned to each face correspond to the local diameter of the shape. Hence, by summing up the SDF
values of the faces of the processed segment of the
mesh we extract a representative value for the local
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mean diameter of the processed part. The ratio rt of
the sum of the SDF values before the narrowing procedure to the sum of the SDF values after the narrowing procedure is associated to a metric of the
narrowing percentage of the airway
 t
PN
i¼0 SDF f i
t
r ¼ PN
ð10Þ
 0
i¼0 SDF f i
where rt is the narrowing ratio after iteration t, f ti is
the face with index i after iteration t, f 0i is the initial
face with index i and N is the number of processed
faces.
Bronchoconstriction simulation Taking into account
the aforesaid geometry processing schemes we employ the
following algorithm to simulate bronchoconstriction given
the desired number of iterations t, the user-defined weight
ω, the desired narrowing ratio r and the accepted narrowing ratio error e.
1. Initialize WL and WH in the following manner:
pﬃﬃﬃﬃ
W L ¼ k ω A

ð11Þ

WH ¼ I

ð12Þ

where I is a unitary matrix, k a double constant set to
10−3 and A the average face area of the model.
2. Solve (2) for V′.
3. Update WL and WH so that
¼ sL W tL
W tþ1
L
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0
A0i =Ati
W tþ1
H;i ¼ W H;i 

ð13Þ

Fig. 4 Geometry of obstructed airways related to the 3rd generation.
Magnified perspective before and after the narrowing process

ð14Þ

where t represents the iteration index.
4. Recompute L.
5. Compute narrowing ratio rt.
6. Repeat steps 2 to 5 rt > r + e.
For the current investigation, we set r = 0.5, e = 0.05,
t = 8 and ω = 0.8. The area under study is segmented for
more efficient processing and mesh contraction is performed. Figure 2(b) illustrates the bronchoconstriction
simulation for airways of the 4th, and 5th generation,
whereas Fig. 4 depicts a magnified perspective of the
3rd generation before and after the narrowing process.
These cases exhibit a narrowing ratio of 50%.
Surface abnormalities simulation The application of
different levels of deformation across the airways as a

function of distance is proposed in order to enhance the
mesh contraction procedure and to simulate the surface
abnormalities during bronchoconstriction. Therefore, as
′
the authors in [36] propose, we set a new W0L weighting
diagonal matrix employing the following formulation:
′

W 0L ¼ W 0L W V

ð15Þ

where WV is a diagonal weighting matrix. For WV we
can use a custom function:
W V ¼ f ðd Þ

ð16Þ

where d is the geodesic distance of a point of the mesh
from an anchor point.
A sinusoidal function is utilized in this study for
demonstration purposes only. The user can define the
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function on a case-by-case basis. Therefore, a weighting
parameter is set for each vertex equal to:
WV ¼ ω þ

1−ω
sind
2

where D is a diagonal matrix, ζ is an integer that represents a denoising factor and
Cw ¼ W mW nCa

ð19Þ

is the weighted bilateral adjacency matrix. Eq. (18) shows
that any averaging filter on the normals, is a frequency
selective transform. For every centroid mi ∀ i = 1, ⋯, nf
the weights of Wm ; Wn ∈Rnf nf are estimated according
to the following equations:

(
W nij ¼

exp − mi −mj
0

^ mi −^
n mj
exp − n
0

2

=2σ 2m

2

=2σ 2n

if C aij ¼ 1
otherwise
if C aij ¼ 1
otherwise

P
ðtþ1Þ
vi

Mitigation of edge effects Discontinuities and edge effects may appear considering that the processed part is
reconnected with the rest of the mesh. To deal with this
issue, we employ surface smoothing methods such as
Taubin smoothing [37] or bilateral surface denoising at
the part of the mesh under process taking into account
the edge points (anchor points) of the stable area of the
mesh.
The bilateral technique estimates the new normals that
can be used for vertex updating according to:

ζ
^n
n m ¼ D−1 C w n
ð18Þ

W mij ¼

where Ca is the binary adjacency matrix constructed
using the k-nearest neighbors method. Finally, the vertices in each iteration t are updated according to:

ð17Þ

where ω is the user defined parameter.

(
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ð20Þ
ð21Þ

¼

ðtþ1Þ

mj

ðt Þ
vi

þ

ðt Þ
j∈Ψ i n mj

ðtþ1Þ

¼ vj1

ðt Þ

ðt Þ

ðt Þ

< n mj ; mj −vi

>

∣Ψ i ∣
ðtþ1Þ

þ vj2

ðtþ1Þ

þ vj3

=3 ∀ j∈Ψ i

ð22Þ

ð23Þ

where <a, b> represents the inner product of a and b, (t)
represents iteration number and Ψi represents the set of
the face vertices which are connected with vi. Equations
(18), (22) and (23) are executed iteratively for a given
number of iterations until a certain reconstruction quality criterion is met. Figure 5 shows the edge effects before and after the smoothing process.

Physical modeling of the lung

Various methods, such as surface reconstruction,
surface remeshing, triangulation, and decimation are
employed for cleaning-up the lung geometry, in order
to enable smoothness and accelerate the upcoming
techniques of volume meshing and solving. A smoothing process is considered compulsory to minimize any
adverse effects on the study results, since the CFD analysis could be affected by additional edge effects created
by the deformation of the airway geometry. Furthermore, our analysis will not be disturbed much by the
structural modeling procedures, since the airflow into
the lungs is essentially resolved by the topology of the
generations’ geometry rather than the surface arrangement of the airways.

Fig. 5 Procedure of addressing edge effects. Magnified perspective at various steps of the narrowing process
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An open source platform associated to CFD and FPT
analyses, called OpenFoam [38], is efficiently employed,
in order to implement the volume meshing of the lung
by utilizing the snappyHexMesh algorithm. A very fine
discretization near the walls of the pulmonary system is
adopted by our analysis that involves hex-dominant
cells. In this manner, the stimulating properties of
turbulence can be discerned, while the positions of
particles can be precisely determined. Specifically, the
domain is discretized into 5,569,106 cells, which
denote a huge computational burden. In order to
effectively tackle this issue, ARIS, a high performance
computer (HPC), was utilized to conduct the involved
simulations.
CFD analysis of airway system

The lung’s activity can be computationally evaluated by
employing various models, such as Reynolds-averaged
Navier-Stokes (RANS) or Reynolds-averaged simulation
(RAS), direct numerical simulation (DNS) and large
eddy simulation (LES). Amid them, the RAS model exhibits acceptable levels of accuracy along with the minimum computational cost [18]. In this context, RAS is
effectively utilized to conduct a steady state CFD analysis of the human respiratory system by solving the
Navier-Stokes equations. Specifically, the properties of
the airflow are clarified by employing a kOmegaSST
turbulence model. The investigation is performed
through the FVM algorithm, particularly the SIMPLE
technique, which is part of the OpenFoam platform.
Second order schemes in time and space are applied to
perform the discretization of the associated eqs. A time
step of 5 × 10−4 s is employed in order to allow numerical stability. The Courant number, the air velocity, and
the mesh discretization, as designated in the CFD
theoretical formulations, determine the value of the
aforementioned time step. In this manner, stability and
convergence of the simulations are ensured. A hypothesis of a total pressure drop of −15 Pa is taken into account throughout the simulations of inspiratory states.
An additional evaluation of the inhaled particles attributes is allowed by the airflow velocity and pressure,
which are assessed over the computational domain.
FPT analysis of inhaled particles

The motion of particles in fluids is examined by utilizing
a Lagrangian approach that solves a set of ordinary differential equations along their trails. The modification of
the particle location as well as the components of the
particle velocity are extracted by the fluid particle tracing procedure. The associated forces applied on the
particle need to be considered. Consequently, the differential equations for determining the particle location
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and velocity are specified by Newtonian second law, if
spherical particles are taken into account:
dxP
¼ uP
dt
mP
IP

duP X
¼
Fi
dt

dωP
¼T
dt

ð24Þ
ð25Þ
ð26Þ

where mP ¼ ρP d 3P π=6 is the mass of a particle (ρP is the
density of a particle and dP is the diameter of a particle),
I P ¼ 0:1mP d 2P is the moment of inertia for a sphere, Fi
represents the relevant forces applied on the particle, uP is
the linear velocity of a particle, ωP is the angular velocity
of a particle and T is the torque applied on a rotating particle due to the viscous interaction with the fluid.
Analytical solutions are offered for the distinct forces
taken into account (Stokes flow) for small Reynolds
numbers. A coefficient C is introduced to be multiplied
with the force, in order to adopt an extension to higher
Reynolds numbers. This coefficient C is based on empirical correlations obtained from direct numerical simulations or experiments. Moreover, the drag force dictates
the particle’s motion in most fluid-particle systems. A
drag coefficient CD is introduced as an extension to
higher particle Reynolds number, whereas it is defined
from
CD ¼ ρ

F

2

FD
ðuF −uP Þ2 AP

ð27Þ

where uF is the linear velocity of a fluid, and AP ¼ d 2P π=4
is the cross-section of a spherical particle. The drag force
can be described by:
FD ¼

3 ρF mP
C D ðuF −uP ÞjuF −uP j
4 ρP d P

ð28Þ

The ratio of inertial force to friction force specifies the
particle Reynolds number as:
ReP ¼

ρF d P juF −uP j
μF

ð29Þ

where ρF is the density of the fluid and μF is the dynamic
viscosity of the fluid. The aforesaid methodology is
intended to allow the evaluation of the particle deposition into the respiratory system. In addition, it is envisaged as the first step for the detailed analysis of drug
delivery efficiency, whereas it enables conclusions related
to the selection of medication (size and concentration of
particles).
The transfer of inhaled particles through the pulmonary system, along with the deposition fraction over
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several areas of interest, are investigated by a transient
FPT analysis. In particular, the steady state field of
airflow velocity obtained by the CFD simulation is
employed to estimate the position and velocity of the
particles, because of the one-way coupling between the
flow field and the particles that is taken into consideration. Our simulations involve the density of the particles that is selected to be 1000.0 kg/m3, whereas their
diameter is set to 10 μm, taking into account that
typical coarse ambient particles (PM10) are 2.5 μm to
10 μm in diameter. Moreover, the flowrate of air at the
normal lung model is 12.6 L/min, which allows particles with a diameter of 10 μm to be transported into
the central generations. The inlet boundary of the
computational domain is considered the input of the
system, since a total of 54,000 particles are injected
through it.
The initial velocity of the particles as well as the inlet
velocity of air for the CFD simulations are deemed the
same. For the normal lung model, the inlet velocity of
air is 1.475 m/s, which corresponds to a flowrate of
12.6 L/min. In addition, the substance of the particles is
injected during an injection period of 0.75 msec by a
flowrate of 199.2 mL/min to allow accurate identification of the deposition patterns. An effective simulation
of the particle’s entrapment on the wall’s surface is accomplished by a stick boundary condition which is
employed on the wall of the lung topology as well as on
the outlets. The icoUncoupledKinematicParcelFoam
solver, which is part of the OpenFoam platform, is utilized to conduct a transient analysis. In this method the
flow affects the particles but the particles don’t affect
the flow, since it presumes that the particles’ effects on
turbulence are negligible. Consequently, an estimation
of the position of the particles on the pulmonary airways is attained.
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investigations. As a next step, the calculation of the
particles deposition is attained for every segment of
the lung’s model. In this context, deposition fractions
are obtained for each generation of the pulmonary
system, besides the left/right sections.
CFD analysis

A total pressure drop of −15 Pa is presumed in all
cases as certified by past studies of airflow into the
human respiratory system [16, 22], thus the inlet velocity of the air is defined by the simulations. For instance, the normal lung demonstrates an inlet velocity
of 1.475 m/s and a flowrate of 12.6 L/min, whereas
the velocity of air when narrowings are detected after
the second generation is 0.711 m/s and the flowrate is
6.06 L/min. Also, when obstructions occur in the right
lung only, an inlet velocity of 1.311 m/s and a flowrate
of 11.2 L/min are observed. Indicative results are illustrated in Figs. 6, 7, 8 and 9, where the normalized pressure drop at the surface of the lung, the air velocity
distribution cross-sections at the sagittal plane, the
transverse plane, the trachea, and main bronchi, are
presented. From the results depicted in Fig. 6, higher
values of pressure drop are observed on the trachea
and the main bronchi, when obstructions in both lungs
occur. As observed from Fig. 7, when several narrowings are present, the airflow is decreased at the region
of the trachea, thus diminishing the breathing capability. On the other hand, the airflow is fairly decreased if
only one lung is obstructed. Similar conclusions can be
derived from Fig. 8. Furthermore, the airflow features
at the region of the main bronchi are clarified in Fig. 9.
When only one lung is obstructed, the airflow is driven
at the other functional part. This observation designates
that any inhaled particles, ambient or medical oriented,
will be directed mostly away from the side of the pulmonary system, where the inflammation is more severe.

Results
Numerical evaluation of the respiratory system

FPT analysis

Various lung models related to diverse levels of narrowings have been generated using the method previously designated. More specifically and in addition to
the unobstructed lung model, a group of obstructed
models have been created. Each model is characterized by the lung generation after which narrowings
with a structure similar to that of a bottleneck are
introduced. Furthermore, an asymmetric case where
obstructions are introduced only in the right lung
after the second generation is examined. An in-house
established software, based on the aforesaid geometry
processing sequences, have been effectively utilized
for the development of these models. A CFD analysis
is conducted for each model, while the output velocity fields are exploited for the corresponding FPT

For each lung model examined in the previous
paragraph, a transient analysis of the particles characteristics is performed. A total duration of 2.16 s is considered in order to simulate the whole inhalation
procedure. Three snapshots of the particles transfer
into the domain of the normal lung are depicted in
Fig. 10 for indicative time steps. The particles will stick
on distinct regions of the lung, depending on the
diverse conditions and obstruction arrangements, thus
affecting any associated diseases. The deposition of
particles after the completion of the inhalation period
denotes a more comprehensive perspective of this incident. Fig. 11 illustrates these particles accumulations
for three different cases: a normal lung model, a model
with obstructions in both lungs and a model with
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Fig. 6 Normalized pressure drop (m2/s2) at the surface of the lung
for various cases: (a) normal pulmonary system (b) obstructions in
both lungs and (c) obstructions in right lung only
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obstructions in the right lung only. As perceived, when
narrowings are introduced in both lungs most particles
are deposited in the vicinity of obstructions, in
comparison to the function of the normal lung. On the
contrary and for the case of the model with obstructions in the right lung, the asymmetry leads to reduced
DF in the obstructed airways and a respective increased
DF in the lung area, where no inflammation was
introduced.
Moreover, particle DF is acquired for various generations as well as for distinct lung sections. By examining Fig. 12(a), it is deduced that when narrowings
occur symmetrically in both lungs the deposition
fractions between lungs are slightly affected (41.12%
of total for the left lung and 51.45% for the right
one). On the other hand, for the air flowrate of
11.2 L/min, most particles are guided on the left lung
(68.22% of total), when obstructions are detected on
the right section only, as anticipated from the CFD
simulations presented in the previous section. In this
way, it is indicated that any medication will be delivered away from the problematic blocked region in
the case of asymmetric inflammation. This fact
should be considered when designing personalized
medical treatment of lung maladies. In addition,
Fig. 12(b) indicates that the distribution of particles
in the 5th generation of airways seems to be almost
doubled when obstructions are introduced to both
lungs (9.25% of total in comparison to 4.51% of the
normal lung). On the contrary, this phenomenon is
not so prominent in the case of the model with obstructions only on the right lung.
As a next step and as presented in Fig. 13(a), a
number of models have been created with obstructions after the fifth, forth, third, second and first generation of airways which have been compared with
the case of unobstructed airways. As observed, the

Fig. 7 Air velocity (m/s) at the sagittal plane cross-section of the upper respiratory tract for various cases: (a) normal pulmonary system (b) obstructions
in both lungs and (c) obstructions in right lung only
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Fig. 8 Air velocity (m/s) at the transverse cross-section at the airways main bifurcation for various cases: (a) normal pulmonary system (b) obstructions
in both lungs and (c) obstructions in right lung only

studied model seems to have an asymmetric distribution of particles in all cases with slightly less particles
deposited on the left lung. This observation further
underlines the results of the analysis of the previous
paragraph since the introduction of obstructions in
the right lung completely counteracts the inherent
asymmetry of the initial model. Furthermore, and as
indicated in Fig. 13(b), a maximum deposition on the
5th generation is accomplished, when obstructions
occur all over the pulmonary system. It is important
to mention that the deposition of particles on the 5th
generation of the obstructed lungs is minimum
(5.37% of total) when obstructions occur only in the
5th generation followed by the case where obstructions occur in all the central airways modelled (1st
up to 5th generations of airways).

Variations of particles diameter and density

Fig. 9 Air velocity (m/s) at the coronal plane cross-section at the
trachea and main bronchi for various cases: (a) normal pulmonary
system (b) obstructions in both lungs and (c) obstructions in right
lung only

A parametric analysis of the particles characteristics
is performed by means of several simulations for
each lung model examined in the previous
paragraph, where a 10 μm particles diameter was
considered. In this context, the impact of the particles diameter on particle DF is assessed in conjunction with the effects of the particle density
variations. For each case, particle DF is acquired for
several generations as well as for distinct lung
sections. Figure 14 illustrates particles depositions
for three distinct values of diameter: d = 1 μm,
d = 10 μm and d = 20 μm. These results make evident the importance of particle sizes on their distribution between the upper and lower airways,
showing a great increase of DF on the upper airways
when the size of the particle is increased.
More specifically, Fig. 15 illustrates the DF for a
range of particle sizes and for the instances of the
normal lung model, the model with obstructions in
both lungs and the model with obstructions only in
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Fig. 10 Particles position at the region of the normal lung for distinct time steps during inhalation: (a) t = 0.2 s (b) t = 0.3 s and (c) t = 0.5 s

Fig. 11 Particles position after the end of the inhalation period for diverse cases: (a) normal pulmonary system (b) obstructions in both lungs and
(c) obstructions in right lung only
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Fig. 12 Particles deposition fraction for normal airways, obstructed airways and partially narrowed airways (right lung is obstructed only after the
2nd generation) at: (a) various sections of the lungs (including the particles that pass through the outlets) and (b) the first five generations.
Particle diameter is 10 μm and density is 1000 Kg/m3

the right lung. These observations denote that the
majority of the particles with diameters from 1 μm to
10 μm are capable of passing through the upper airways, and they are distributed over the generations of
the central airways. On the other hand, particles with
diameters between 20 μm and 30 μm are mostly
retained on the upper airways. Therefore, medical researchers could utilize these results to identify the region of maximum deposition, along with the proper
diameter of the medication particles and form new
and innovative treatment approaches that take into
account the personalized characteristics of patient
lungs.
By inspecting the diagrams of Fig. 16, the distribution of particles within the lower airways is analyzed

across the first five generations. A maximum deposition is attained on every generation and for all cases
examined herein, when d = 20 μm. This notice should
be considered in combination with the fact that the
majority of particles in this case are already deposited
before they reach the lower airways, as illustrated in
Fig. 15. Also, it is deduced that particles with diameters
from 1 μm to 10 μm, exhibit an almost identical behavior
when deposited on the first generations. However, particles with diameters from 20 μm to 30 μm, present a different deposition pattern, since most particles are gathered
on the upper airways. Among the generations examined,
the 5th one shows a maximum deposition of the substance. In general, when d increases, DF is enhanced even
though it shows a local minimum.
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Fig. 13 Particles deposition fraction for different lung’s models involving the normal case and diverse obstructions levels (both lungs are
obstructed) at: (a) various sections of the lungs (including the particles that pass through the outlets) and (b) the first five generations. Particle
diameter is 10 μm and density is 1000 Kg/m3

Finally, an additional analysis is performed regarding
the variation of the particles density between 1000 Kg/
m3 to 2000 Kg/m3, as depicted in Figs. 17 and 18. More
specifically, DF on the upper airways exhibits higher
values, when ρ is increased, as depicted in Fig. 17. From
the results presented in Fig. 18, it is deduced that DF is
enhanced on every generation and for all cases examined
herein, when ρ is augmented. These results can be used
as an initial step for future detailed analysis by medical
researchers for the in depth understanding of medication
effectiveness in regards to the particle densities.

Discussion
In the present study several detailed models of the
airways obstructions associated with pulmonary

diseases have been developed utilizing a custom
geometry processing sequence, whereas the breathing
process of airborne particles has been assessed numerically via CFD and FPT algorithms. Apart from
the evaluation of the airflow behavior, the study
focused on the properties of inhaled particles as an
effective assessment tool for the optimization of treatment with the appropriate substances and densities.
Two obstructed groups of models were examined, i.e.
models with obstructions in both lungs and a model
with obstructions in the right lung only. Moreover, a
detailed parametric analysis identified the effects of
the particles size and density on the substances
deposition in the upper airways as well as the five
first generations of the lower airways.
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Fig. 14 Particles position after the end of the inhalation period for diverse values of particles diameter, when obstructions in both lungs occur
after the 2nd generation and the air flowrate is 6.06 L/min: (a) d = 1 μm, (b) d = 10 μm and (c) d = 20 μm

The results of the study confirmed the effects of
obstructions in breathing capability of patients, as
well as the discrepancy between the left and right
lung in terms of airflow and particles deposition.
Several DF assessments clarified that most particles
are guided on the one lung, when narrowings are
detected on the other side only and thus, any medication is shown to be directed away from the problematic blocked area. These results form the basis for
further clinical investigations in regards to the
personalized effectiveness of inhaled medication associated to specific lung characteristics of patients. The
vision of the current work is to form the basis for a
clinical methodology that will allow the in depth
analysis of personalized lung models, so that medical
personnel could select and provide appropriate medication (particle size and density) by quantifying the
particle deposition capability on different parts of the
patient’s lungs. This feature envisages a very important
and innovative aspect to the personalization treatment
of lung diseases by maximizing the efficiency of the inhaled medication on a regional perspective.

Even though the derived lung models provide information about the first five generations, adequate
deductions have been drawn that could be extended
in the future with more thorough analysis of more
detailed lung models including higher airway generations. Such an extension of the models to higher
generations of the lungs may provide further details
and accuracy and could also reveal medication deposition phenomena that are inaccessible in the
current investigation. In this context, an extended
study for a large number of patients may allow the
necessary quantification of inhaled medication into
the lungs, which is required for extended personalized treatment.
Apart from the extension of the simulation scenarios to
a wider spectrum of models and obstruction cases, future
directions of the current study will include the
investigation of outcomes in the clinical setting and with
the involvement of patients. This approach aspires to
verify the effects that the lung geometry may have on the
actual effectiveness of inhaled medication and how the
current results can be translated into useful and clinically

Lalas et al. BMC Medical Informatics and Decision Making 2017, 17(Suppl 3):173

Fig. 15 Particles size effects on deposition fraction over distinct lung
sections (including the particles that pass through the outlets): (a)
Normal airways, (b) narrowed airways (both lungs are obstructed) and (c)
partially narrowed airways (right lung is obstructed only)

significant methodologies for the optimization of management of respiratory diseases.

Conclusions
The utilization of contraction algorithms to clarify
the diverse conditions of lung obstructions has been
presented in this paper. In addition, an effective assessment of the consequences of inhaled particles in
a regional oriented perspective has been performed
by accurate CFD and FPT simulations. For the case
of obstructions in both lungs most particles are
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Fig. 16 Particles size effects on deposition fraction over the lung’s
generations for distinct cases: (a) Normal airways, (b) narrowed
airways (both lungs are obstructed) and (c) partially narrowed
airways (right lung is obstructed only)

driven upon the narrow regions when symmetrical
narrowings appear. Moreover, partial medication
transport is accomplished when only one lung is
obstructed showing a decreased deposition of particles in the areas of inflammation. An additional
parametric analysis regarding the variation of particles size and density allowed the better interpretation
of particle deposition within the pulmonary system.
It has been shown that the specific characteristics of
particles (particle size and density) significantly affect
the point of the respiratory system that they are
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Fig. 17 Particles density effects on deposition fraction over distinct
lung sections (including the particles that pass through the outlets):
(a) Normal airways, (b) narrowed airways (both lungs are obstructed)
and (c) partially narrowed airways (right lung is obstructed only)

deposited. More specifically, larger particles of higher
density are shown to be affecting mainly the upper
airways, whereas substances of lower particle size
and density are deposited mainly on the higher generations of the airways. These observations could be
valuable when treating lung maladies with inhaled
medical substances and are aiming to form the basis
for the clinical investigation and testing of innovative
personalized treatment approaches that take into account the size and density of particles of inhaled
medications.
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Fig. 18 Particles density effects on deposition fraction over the
lung’s generations for distinct cases: (a) Normal airways, (b)
narrowed airways (both lungs are obstructed) and (c) partially
narrowed airways (right lung is obstructed only)

Abbreviations
CFD: Computational fluid dynamics; COPD: Chronic obstructive
pulmonary disease; DF: Deposition fraction; DNS: Direct numerical
simulation; FPT: Fluid particle tracing; FVM: Finite volume method;
HPC: High performance computer; LES: Large eddy simulation;
MDCT: Multidetector computer tomography; RANS: Reynolds-averaged
Navier-Stokes; RAS: Reynolds-averaged simulation; SDF: Shape diameter
function

Acknowledgements
This work was also supported by computational time granted from the
Greek Research & Technology Network (GRNET) in the National HPC
facility - ARIS - under project IDs pa004004 and pa006002.

Lalas et al. BMC Medical Informatics and Decision Making 2017, 17(Suppl 3):173

Funding
This work, along with the publication costs, has been funded by the H2020PHC-2014-2015 Project MyAirCoach (Grant Agreement No. 643607).

2.

3.
Availability of data and materials
Our research team follows an open access and open data policy and the
results will be published on the online data repository of the project
MyAirCoach for further use by the research community after the embargo
period of 1 year. The results will be available after the period of 1 year from
the publication date at http://www.myaircoach.eu
About this supplement
This article has been published as part of BMC Medical Informatics and
Decision Making Volume 17 Supplement 3, 2017: Selected articles from the
IEEE BIBM International Conference on Bioinformatics & Biomedicine (BIBM)
2016: medical informatics and decision making. The full contents of the
supplement are available online at https://bmcmedinformdecismak.biomed
central.com/articles/supplements/volume-17-supplement-3.

4.

5.

6.

7.

8.
Author’s contributions
AL conceived the study, conducted the simulations by implementing a
dedicated software tool, participated in the analysis and interpretation of the
results and drafted the manuscript. SN generated the obstructed lung’s
models by implementing a dedicated software tool, and drafted the
manuscript. DK conceived the study, participated in the analysis and
interpretation of the results and drafted the manuscript. AL participated in
the implementation of the software tool to generate obstructions in the
lung’s model, the analysis and interpretation of the results and drafted the
manuscript. GA participated in the implementation of the software tool to
generate obstructions in the lung’s model, and revised the manuscript. CS
participated in the analysis and interpretation of the results and drafted
the manuscript. KM and KV supervised the implementation of the software
tools and the conduction of simulations, participated in the analysis and
interpretation of the results and revised the manuscript. SV and OU provided
the basic lung model, participated in the interpretation of the results and
revised the manuscript. DT conceived the study, supervised the analysis and
interpretation of the results and contributed to drafting the manuscript.
All Authors read and approved the final manuscript.
Ethics approval and consent to participate
This manuscript reports the results of a custom software tool that was based
on a model of human lungs derived from the CTs of five anonymized
patients. No intervention on the patients was taken on the basis of the
results of data generated with the simulation modeling.
Consent for publication
“Not applicable”. This manuscript does not contain data from individual
person.
Competing interests
All Authors declare that they have no financial or personal conflict of interest
related to this investigation.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
20.
Author details
1
Information Technologies Institute, Centre for Research and Technology Hellas (CERTH), Thessaloniki, Greece. 2Department of Electrical and Computer
Engineering, University of Patras, Patra, Greece. 3Respiratory Division,
University Hospital UZ Brussel, Vrije Universiteit Brussel, Brussels, Belgium.
4
National Heart and Lung Institute (NHLI), Imperial College London and
Royal Brompton Hospital, London, UK.

21.

22.

23.
Published: 20 December 2017
References
1. Tawhai M, Hunter P. CT-based geometry analysis and finite element models
of the human and ovine bronchial tree. J Appl Physiology. 2004:2310–21.

24.

Page 43 of 66

Longest PW, Vinchurkar S, Martonen T. Transport and deposition of
respiratory aerosols in models of childhood asthma. J Aerosol Sci. 2006;37:
1234–57.
Thien F. Measuring and imaging small airways dysfunction in asthma. Asia
Pac Allergy. 2013;3:224–30.
Kanaya K, Okamoto K, Shimbo S, Ikeda M. Correlation of light transmittance
with asthma attack: fine water particles as a possible inducing factor of
asthma. Environ Health Prev Med. 2011;16:44–51.
Nowak N, Kakade PP, Annapragada AV. Computational fluid dynamics
simulation of airflow and aerosol deposition in human lungs. Ann Biomed
Eng. 2003;31:374–90.
Zhang Z, Kleinstreuer C, Kim CS. Comparison of analytical and CFD models
with regard to micron particle deposition in a human 16-generation
tracheobronchial airway model. J Aerosol Sci. 2009;40:16–28.
Radhakrishnan H, Kassinos SCFD. Modeling of turbulent flow and particle
deposition in human lungs. Proceedings of the annual international
conference of the IEEE engineering in medicine and biology. Society. 2009:
2867–70.
Rostami AA. Computational modeling of aerosol deposition in respiratory
tract: a review. Inhal Toxicol. 2009;21:262–90.
Löndahl J, Möller W, Pagels JH, Kreyling WG, Swietlicki E, Schmid O.
Measurement techniques for respiratory tract deposition of airborne
nanoparticles: a critical review. J Aerosol Med Pulm Drug Deliv.
2014;27:229–54.
Srivastav V, Paul A, Jain A. Computational fluid dynamics study of airflow
and particle transport in third to sixth generation human respiratory tract.
Int J Emerg Multidiscip Fluid Sci. 2011;3:227–34.
Burrowes KS, Doel T, Brightling C. Computational modeling of the
obstructive lung diseases asthma and COPD. J Transl Med. 2014;
12(Suppl 2):S5.
Wu D, Tawhai MH, Hoffman EA, Lin C-L. A Numerical study of heat and
water vapor transfer in MDCT-based human airway models. Ann Biomed
Eng. 2014;42:2117–31.
Alexopoulos AH, Karakosta P, Kiparissides C. Particle transfer and deposition
using an integrated CFD model of the respiratory system. Comput Aided
Chem Eng. 2010;28:211–6.
Lambert AR, O’Shaughnessy P, Tawhai MH, Hoffman EA, Lin C-L. Regional
deposition of particles in an image-based airway model: large-eddy
simulation and left-right lung ventilation asymmetry. Aerosol Sci Technol.
2011;45:11–25.
Tena AM, Casan P, Fernández J, Ferrera C, Marcos A. Characterization of
particle deposition in a lung model using an individual path. EPJ Web Conf.
2013;45:01079.
Taherian S, Rahai H, Waddington T. CFD Modeling and Analysis of
Pulmonary Airways/Particles Transport and Deposition. Proceedings of the
41st AIAA Fluid Dynamics Conference and Exhibit. 2011;AIAA 2011–3832.
Yin Y, Choi J, Hoffman EA, Tawhai MH, Lin CLA. Multiscale MDCT imagebased breathing lung model with time-varying regional ventilation.
J Comput Phys. 2013;244:168–92.
Lin C, Tawhai MH, Hoffman EA. Multiscale image-based modeling and
simulation of gas flow and particle transport in the human lungs. Wiley
Interdiscip Rev Syst Biol Med. 2013;5:643–55.
Burrowes KS, De Backer J, Smallwood R, Sterk PJ, Gut I, Wirix-Speetjens R,
Siddiqui S, Owers-Bradley J, Wild J, Maier D, Brightling C. Multi-scale
computational models of the airways to unravel the pathophysiological
mechanisms in asthma and chronic obstructive pulmonary disease
(AirPROM). Interface Focus. 2013;3:20120057.
Hofemeier P, Sznitman J. Revisiting pulmonary acinar particle transport:
convection, sedimentation, diffusion and their interplay. J Appl Ph. 2015;
Fishler R, Hofemeier P, Etzion Y, Dubowski Y, Sznitman J. Particle
dynamics and deposition in true-scale pulmonary acinar models. Sci
Rep. 2015;5:14071.
Sul B, Wallqwist A, Morris MJ, Reifman J, Rakesh VA. Computational study of
the respiratory airflow characteristics in normal and obstructed human
airways. Comput Biol Med. 2014;52:130–43.
Martins V, Cruz Minguillón M, Moreno T, Querol X, de Miguel E, Capdevila M,
Centelles S, Lazaridis M. Deposition of aerosol particles from a subway
microenvironment in the human respiratory tract. J Aerosol Sci. 2015;90:103–13.
Salma I, Füri P, Németh Z, Balásházy I, Hofmann W, Farkas Á. Lung burden and
deposition distribution of inhaled atmospheric urban ultrafine particles as the
first step in their health risk assessment. Atmos Environ. 2015;104:39–49.

Lalas et al. BMC Medical Informatics and Decision Making 2017, 17(Suppl 3):173

Page 44 of 66

25. Zoltan S. Maximizing the amount of deposited particles during a severe
asthma attack using the stochastic lung model. Acta Medica Marisiensis.
2015;61:3.
26. Toby GD, Capstick MR, Pharm S, Ian J, Clifton MD. Inhaler technique and
training in people with chronic obstructive pulmonary disease and asthma:
effects of particle size on lung deposition. Expert Rev Respir Med. 2012;6:
91–103.
27. van Aalderen WMC, Grigg J, Guilbert TW, Roche N, Israel E, Martin RJ, Colice
G, Postma DS, Hillyer EV, Burden A, Thomas V, von Ziegenweidt J, Price D.
Small-particle inhaled corticosteroid as first-line or step-up controller
therapy in childhood asthma. J Allergy Clin Immunol Pract. 2015;3:721–31.
28. Khajeh-Hosseini-Dalasm N, Longest PW. Deposition of particles in the
alveolar airways: inhalation and breath-hold with pharmaceutical aerosols.
J Aerosol Sci. 2015;79:15–30.
29. Verbanck S, Ghorbaniasl G, Biddiscombe MF, Dragojlovic D, Ricks N, Lacor C,
Ilsen B, de Mey J, Schuermans D, Underwood SR, Barnes PJ, Vincken W,
Usmani OS. Inhaled Aerosol Distribution in Human Airways: A ScintigraphyGuided Study in a 3D Printed Model. J Aerosol Med Pulm Drug Deliv. 2016;
29:jamp.2016.1291
30. Lalas A, Nousias S, Kikidis D, Lalos A, Moustakas K, Votis K, Verbanck S,
Usmani O, Tzovaras D. Numerical assessment of airflow and inhaled
particles attributes in obstructed pulmonary system. Proc IEEE Int Conf
Bioinformatics Biomedicine. 2016;
31. K-C AO, Tai C-L, Chu H-K, Cohen-or D, Lee T-Y. Skeleton extraction by mesh
contraction. ACM Trans Graph. 2008;27:44.
32. Shapira L, Shamir A. Cohen-or D. Consistent mesh partitioning and
skeletonisation using the shape diameter function. Vis Comput.
2008;24:249–59.
33. Tomasi C, Manduchi R. Bilateral ltering for gray and color images. Proc Sixth
IEEE Int Conf Comput Vision. 1998:839–46.
34. Arthur D, Vassilvitskii S. K-means++: the advantages of careful seeding.
Proceedings of the eighteenth annual ACM-SIAM symposium on discrete
Algorithms 2007;1027–1035.
35. Boykov Y, Veksler O, Zabih R. Fast approximate energy minimization via
graph cuts. IEEE Trans Pattern Anal Mach Intell. 2001;23:1222–39.
36. Nousias S, Lalos AS, Moustakas K. Computational modeling for simulating
obstructive lung diseases based on geometry processing methods.
Proceedings of international conference on digital human modeling and
applications in health, safety, ergonomics and Risk Management 2016;100–109.
37. Taubin G. Curve and surface smoothing without shrinkage. Proc IEEE Int
Conf Comput Vision. 1995:852–7.
38. The OpenFoam Foundation: OpenFoam v2.4.x. https://openfoam.org. Accessed
23 Mar 2017.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

