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Abstract—The main physiological function of coughing is to
remove from the airways the mucus and foreign particles that
enter the lungs with respirable air. However, in patients with
endotracheal tubes, further surgery has to be performed to
improve cough effectiveness. Thus, it is necessary to analyze
how this process is carried out in healthy tracheas to suggest
ways to improve its efficacy in operated patients. A finite
element model of a human trachea is developed and used to
analyze the deformability of the tracheal walls under
coughing. The geometry of the trachea is obtained from
CT of a 70-year-old male patient. A fluid structure interac-
tion approach is used to analyze the deformation of the wall
when the fluid (in this case, air) flows inside the trachea. A
structured hexahedral-based grid for the tracheal walls and
an unstructured tetrahedral-based mesh with coincident
nodes for the fluid are used to perform the simulations with
the finite element-based commercial software code (ADINA
R&D Inc.). Tracheal wall is modeled as an anisotropic fiber
reinforced hyperelastic solid material in which the different
orientation of the fibers is introduced. The implantation of
an endotracheal prosthesis is simulated. Boundary conditions
for breathing and coughing are applied at the inlet and at the
outlet surfaces of the fluid mesh. The collapsibility of a
human trachea under breathing and coughing is shown in
terms of flow patterns and wall stresses. The ability of the
model to reproduce the normal breathing and coughing is
proved by comparing the deformed shape of the trachea with
experimental results. Moreover the implantation of an
endotracheal prosthesis would be related with a decrease of
coughing efficiency, as clinically seen.
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INTRODUCTION

A cough is a sudden, often repetitive, spasmodic
contraction of the thoracic cavity, resulting in violent
release of air from the lungs through the tracheal air-
ways and usually accompanied by a distinctive sound.
A cough is usually initiated to clear a buildup of
phlegm in the trachea; due to the high intrathoracic
pressures, high expiratory flow rates are promoted
(up to 12 L/s in 30-50 ms).?® The main physiological
function of coughing is to remove from the airways the
mucus and foreign particles that enter the lungs during
normal breathing. From a mechanical point of view,
coughing has different effects on the trachea. During
coughing, the tracheal cross section changes sharply,*!
which leads to an increase in the velocity in the con-
striction area thus enhancing the cough efficiency."
The ability of the trachea to deform drastically, relies
in its complex anatomical structure. The trachea as a
construction is a reinforced tube. Sixteen to twenty
cartilaginous half-rings whose ends are connected by a
soft membranous wall form the anterior tracheal wall.
There is a notion that the elastic posterior wall of the
trachea is necessary for the free movement of large
solid pieces of food through the esophagus, which is
adjacent to the posterior tracheal wall. However,
the elastic behavior of this wall is also critical for
ensuring an effective act of coughing which depends on
the capacity of the respiratory muscles to increase
intrathoracic pressures and dynamically compress
the airways.”® Thus, smooth muscle contraction and
transmural pressure generate bending and tensile
stresses in the cartilage and collapse it to regulate the
air flow and to modulate the diameter of the airway.
This mechanism is easily performed in healthy
tracheas, but when there is an endotracheal prostheses
the cough efficiency decreases. In patients with carci-
noma or stenosis due to tracheal diseases, stents are
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the primary treatment to prevent lumen collapse.
These patients show difficulty to cough since the
stiffness of the tracheal wall increases due to the
presence of the prostheses which cannot reproduce
the behavior of the muscular membrane.

Most of the developed numerical studies in the
respiratory system till now have analyzed the airflow
pattern using rigid walls and approximated airways
geometries.”**?° Cebral and Summers® developed a
CFD model using a four-generations geometry. They
studied the central tracheal and bronchial airways by
using a virtual bronchoscopy reconstruction method.
Nowak er al.*® demonstrated a four-subunit CFD
simulation method for the human tracheobronchial
tree. They economized on computational effort by
segmenting the first 12 generations into four generation
“tranches.” Ma and Lutchen’ developed a six-
generations model in which flow pattern were predicted
under turbulent conditions using zero-pressure outlet
conditions. Only few studies are based on an accurate
airway geometry coming from computed tomography
(CT) or magnetic resonance (MRI).'%2>4%-% Moreover,
these studies (both using simplified or real geometries)
do not take airway deformation and fluid—solid inter-
action (FSI) into account.'*!'%17:20:2638 1n particular,
Zhang and Kleinstreuer® analyzed targeted aerosol
drug deposition in a rigid triple bifurcation tracheo-
bronchial airway model. Nithiarasu ez al.*> performed
a steady-state simulation of a human tracheal model
while Liu ef al.'® analyzed the unsteady flow patterns in
a patient-specific human healthy trachea during inspi-
ration under turbulent condition.

Regarding solid mechanics, Costantino et al.® ana-
lyzed the collapsibility of the trachea under different
pressure conditions, although they did not considered
the fluid itself. FSI studies in lower airway geometries
were done only in the lower cartilage-free generations
of the lung and were restricted to simplified models/
geometries and to single bifurcations.'"!*13-3%-36 Only
the work developed by Wall and Rabczuk®® analyzed
the behavior of the trachea using a FSI analysis
although they considered a simplified model for the
composing material. Regarding the constitutive
behavior of the tracheal walls, there is a large disper-
sion of the mechanical properties of the different
tissues that composed the trachea, and only few stud-
ies have analyzed their mechanical behavior for
humans.?*#3*37 While some works isolated a single
cartilage ring simplifying the material constitutive
model as isotropic elastic,** the studies of Rains and
coworkers®®?° shed light in the tracheal cartilage
properties analyzing the tensile stiffness of the human
tracheal cartilage rings in specimens obtained at
autopsy from 10 individuals who ranged in age from
17 to 81. Moreover, many of the previous works

studying the human tracheal smooth muscle dealt with
its plasticity, stiffness and extensibility, and the influ-
ence of the temperature on force—velocity relation-
ships.'® As far as the authors know, there is no
numerical model that combines a realistic constitutive
model of the tracheal walls in a fluid structure code
that can predict accurate deformations of the trachea
during coughing.

This paper mainly considers the mechanical phe-
nomena in the trachea, which accompanies the normal
breathing and cough act and ensure its efficiency. In
first place, the material and boundary conditions
assumptions will be described and then the results
will be compared with images obtained from tracheal
endoscopies. Finally, the influence of implanting a
tracheal endoprostheses on coughing efficiency will be
analyzed.

MATERIALS AND METHODS

In this work, a fluid interaction analysis of a human
trachea is developed, and the collapsibility of the wall
under normal breathing and coughing is analyzed.

Solid Structure: Tracheal Walls

The finite element model of the human trachea was
made based on a CT performed on a 70 years old
healthy man. The DICOM files coming from the scan
provide a clear picture of the internal (black) cavity
filled with air. The detection of the outer surface and
therefore the thickness of the wall was not so easy. With
this aim, a nonautomatic segmentation of the CT scan
was accomplished to determine the real geometry of the
trachea and to distinguish between the muscle mem-
brane and the cartilage rings. To identify the tracheal
tissues, the cartilage rings could be isolated through
their higher density. With help of MIMICS®, the dif-
ferent material densities could be distinguished through
different tones of the gray scale (i.e., high density cor-
responds to white color while low density corresponds
to dark color). For the thickness, very slight variations
along the tracheal axis were detected, and therefore we
chose to simplify it as constant. An IGES file of the
segmented geometry was created to construct the
associated computational grid. A full hexahedral mesh
of 29250 elements was made using PATRAN® (see
Fig. 1), where the different tissues are shown in differ-
ent colors. To avoid significant variations between
segmented geometry and finite element model a grid
independence study was performed. Finally, the aver-
age solid-grid element size was around 1 mm.

To determine the properties of the different tis-
sues of the trachea, different experimental tests were
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FIGURE 1. Finite element mesh of the trachea. The cartilaginous parts of the trachea are plotted separately from the muscular

membrane (A denotes anterior part and P posterior part).

conducted. The goal of this paper is not the experi-
mental characterization of the trachea, so, only a
summary of the data acquisition is included. Human
tracheas were obtained at the time of autopsy from two
subjects (aged 79-82 years). Samples of cartilage and
muscle were dissected from the tracheas for histology
and mechanical analysis procedures. The histology
revealed that in the cartilage rings, the collagen fibers
run randomly. Therefore, an isotropic material was
used to define its behavior. On the contrary, the mus-
cular membrane presented two orthogonal families of
smooth muscle cells, one running mainly longitudinally
and the other transversely. Therefore, for this tissue a
constitutive model that takes into account the anisot-
ropy coming from the fiber orientation was used.

The specimens were mounted on the Instron
MicroTester 5548 to perform tensile tests. For
cartilage, since there is no preferential orientation, a
Neo-Hookean model with strain energy density func-
tion (SEDF), ¥ = C(I; —3), was used to fit the
experimental results. Regarding the smooth muscle,
and taking into account that the histology showed two
orthogonal fiber families, a Holzapfel SEDF'* for two
families of fibers was used,

T K T2
¥ = (], 3)+2—K2{exp[K2(141 12 1}

+ %{exp[m(ﬁz 1) 1} + %(J 1)

where C| is the material constant related to the ground
substance, K; > 0 are the parameters which identify the

exponential behavior due to the presence of two fam-
ilies of fibers, and D is identified with the tissue
incompressibility volumetric modulus. The invariants
I; are defined as:

I,

o 1 _ _ _ _
nC, I, = E[(er)2 — 1r(CH)], Iy = a° - Cad°, 0
Ip=b" - CH°,

where a” is a unitary vector defining the orientation of
the first family of fibers and b° the direction of the
second family both in the reference configuration, and
C is the modified right Green strain tensor defined as
C = J'3C being C = F'F.

The longitudinal and transversal tensile behavior of
the tracheal muscle was analyzed, and the parameters
of the SEDF were calculated by fitting the constitutive
equation of Holzapfel to the experimental results
obtained in our lab (see Fig. 2). See Table 1 for a
summary of the material constants used for the dif-
ferent tissues.

Solid Structure: “Virtual” 2D Stent

On the other hand, as mentioned in the “Introduc-
tion,” section, it has been clinically seen that patients
with endosprostheses have difficulty in coughing
because these stents are too stiff to allow the trachea to
deform. In this study, a ‘“‘virtual” 2D model of the
prostheses was considered. The external surface of the
prosthesis was introduced so that the trachea adapts its
shape to the allocated stent. The deformation of the
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FIGURE 2. Uniaxial tests performed to tracheal muscle samples. Fitting of the Holzapfel’s model to the experimental results
obtained in a tensile test in (a) the longitudinal direction of the trachea and in (b) the transversal direction of the trachea.

TABLE 1. Parameters to define the constitutive models to
characterize the mechanical behavior of cartilage and
muscular membrane.

Material C; K, Ks
parameters (KPa) (KPa) K> (KPa) Ky
Cartilage 577.7 - - - -
Muscular membrane 0.87 0.154 34.15 0.34 13.9

trachea due to the introduction of the 2D prostheses
was performed in ABAQUS with the prostheses
introduced as a silicone surface (elastic material with
Young modulus £ =1 MPa and Poisson coefficient
v = 0.28) with the real dimensions of a Dumon pros-
theses. It has to be noticed that the study with stent has
to be considered as the first step to create a useful tool
that in the future may help surgical treatment of dis-
eased patients and evaluate physical variables that
cannot be assessed in vivo. In Fig. 3, the equivalence of
a real prostheses’ and the “virtual” stent is shown.

Fluid: Airway Flow

Starting from the inner tracheal wall an unstruc-
tured tetrahedral-based fluid grid was generated using
the commercial software FEMAP (Siemens PLM
Software). The total number of tetrahedral elements
was 59581. The fluid, in this case air, was assumed
Newtonian (pr = 1.205 kg/m®, 1 = 1.83 x 107> kg/m s)
and incompressible under unsteady flow conditions.
Two different conditions were analyzed. First, the
deformation of the trachea under normal breathing
was simulated. In this case, flow was assumed laminar
since the Reynolds number, based on the median
tracheal diameter, was less than 2300. On the other
hand, coughing involves higher flow velocities. During
this process, after a larger inspiration phase, a shorter
high speed expiration phase follows. In this phase,

a maximum flow rate can reach 12 L/s and air is sup-
posed to flow out in a period of time of 0.3-0.5 s.%
Therefore, airflow is modeled as turbulent (Reynolds
number in the trachea is around 10000). A turbulence
model (k-¢ model) is then used to modify the air vis-
cosity in order to include the turbulent effect on the
flow. In particular in the Navier—Stokes equations the
viscosity p is substituted by ug = u + p where g is
the turbulent viscosity that is expressed as:
KZ
M:pF'Cu'?v (2)

where C, = 0.07469 is a constant, and, K and ¢ are
called kinetic energy and rate of dissipation of the
turbulence, defined as follows:

1 .
K==-v -V, €= ﬁ(Vv’) ® (Vv') (3)
2 PF
where v/ is the fluctuating velocity. A complete
description of this turbulence model is made by Oertel
et al?’

Fluid—-Solid Interaction

The complete mesh (solid + fluid) was imported
into the software package ADINA R&D Inc., where
the FSI computations were performed. In the FSI
model, the fluid domain is deformable so that the
numerical approach uses the well-known Arbitrary
Lagrange-Euler (ALE) formulation.>* For the solid
domain, a typical Lagrangian formulation®®!? is used.
Taking into account the moving reference velocity, the
Navier—Stokes equation becomes:

ov
pFa_: +pp((vE—=w) - V)vg = V-op =17, (4)

where the term w denotes the moving mesh velocity
vector, vg is the velocity vector, 2 is the body force per
unit volume, and pg is the fluid density.
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FIGURE 3. (a) Schematic representation of a Dumon prostheses and its theoretical location inside the trachea; (b) adaptation of
the internal surface of the trachea to allocate the silicone surface of the prostheses.

The governing equation for the solid domain is the
following momentum conservation equation:

V -as +ff = psiis, (5)

where pg is the solid density, ag is the solid stress
tensor, f§ is the body force per unit volume and iig
is the local acceleration of the solid. The domains
described by Equations (4) and (5) are then coupled
through displacement compatibility and traction
equilibrium? with the following equations:

us=up  (x,,2) € NS (6)

os-ns+or-np=0 (x,3,2) € TN TS, (7)

where I'fy.; and I'S,, are the boundaries of the fluid
and solid domains, respectively (see Fig. 4). Equation
(7) is an equilibrium condition between the stresses
acting in normal direction on both domain boundaries
erall and l—‘Swall~

The movement of the solid mesh of the trachea was
restrained by fixing the top and the bottom surfaces of
the solid mesh assuming that the trachea is fixed both
at the thyroid cartilage and the bifurcation. Regarding
the fluid mesh, the pressure and air velocity were
imposed at the inlet and at the outlet surfaces for the
normal breathing® and coughing® as can be seen in
Fig. 4. The imposed velocity spatial distribution on the
boundary surface I, is parabolic® although we
know that this distribution is probably more com-
plex.?® Finally, the pressure distribution was imposed
as a constant on the inlet surface 'fe;.

RESULTS

First of all, the deformation of the trachea is shown
both for normal breathing and coughing. For the
validation of the overall model, in vivo data of
the trachea is necessary. To qualitative validate the
numerical results, the software MatLab® (The Math-
Works Inc.) was used. Using this software, the varia-
tions of color-scale pixels of the available endoscopic
images (see Fig. 5) were distinguished. A single carti-
lage ring was detected, and a red colored dotted line
was projected around the tracheal wall in order to
make evidence of the ring deflection. This deflection,
sketched in Fig. 5 for both normal breathing and
coughing, was finally compared with the computed
deformation of the numerical trachea model.

In Fig. 5, the qualitative validation is presented in
two rows. In the first row, the deformed shape for one
ring with its membrane is shown for the maximum
inspiration/expiration and compared with the men-
tioned endoscopic images. In the second row, the
deformed shape of the same ring is depicted but in this
case during coughing and also compared with images
obtained from a patient during this movement. It can
be seen that the shape of the numerical and the
experimental deformation qualitatively follows the
same trend both for normal breathing and coughing.
The maximum displacement of the membrane during
the inspiration phase of breathing was 1 mm, while
during coughing was 4 mm.

Therefore, the ability of this FSI analysis to capture
changes in tracheal cross sections that were seen in
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FIGURE 4. Fluid (a) and solid (b) domains. Pressure and velocity conditions imposed at the inlet (1) and outlet (2) surfaces of the

fluid mesh of the trachea.

endoscopic studies was demonstrated. However, one of
the most relevant aspects of this is to analyze the effi-
ciency of a patient coughing. As mentioned before, the
coughing mechanism appears when it is necessary to
remove particles or mucus from the lungs, and in this
regard when an endotracheal prosthesis is located, the
patient partially loses this ability to cough. Here, this
was analyzed by simulating the implantation of a
“virtual” 2D prosthesis. Different velocity patterns
were sketched in Figs. 6 and 7. To compare velocity
patterns in presence and absence of the stent, the same
tracheal section was analyzed for both models (Fig. 6).
This section corresponded to the upper transition
between the tracheal wall and the location of the
prostheseis. It can be seen that the maximum fluid
velocity decreased from 21 to 17.5 m/s when the
presence of a stent was simulated. Moreover, the dif-
ferences in the cross section can be seen for both cases,
assuming the tracheal wall adapts to the internal
surface of the trachea and therefore the muscular
membrane does not collapse. Finally, in Fig. 7, the air
velocity for the selected time points is plotted at the
outflow section, in order to take into consideration
the overall change in the tracheal volume due to the
deformable walls. Again, the maximum fluid velocity
decreases (from 20 to 17 m/s at t = 0.78 s and from 13
to 11 m/s at t = 0.9 s) confirming an overall reducing

of the velocity field during coughing in presence of this
prosthesis.

DISCUSSION

We have presented an FSI analysis of a patient-
specific tracheal tube under different unsteady bound-
ary conditions. The trachea was assumed as a fiber
reinforced hyperelastic solid material in which the
different fiber orientations were taken into account.
The properties of the tracheal wall and the fiber
orientation were experimentally obtained. Besides,
the influence of implanting an endotracheal prosthesis
was also analyzed.

First, we simulated the normal breathing in order to
evaluate the tracheal wall deformation and the flow
patterns. Then, we made a comparison with the same
trachea under coughing, characterized by turbulent
flow. We showed that the higher air flow velocity and
pressure level induced by cough caused a huge defor-
mation of the tracheal muscular wall. Moreover, we
validated the computational results of the simulation
under breathing and coughing boundary conditions
with in vivo data extracted from a tracheal endoscopy.
We were able to establish a good qualitative compar-
ison between the numerical prediction and the real
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FIGURE 5. Deformed shape of a tracheal section during normal breathing (first row) and during coughing (second row). The
correlation of the numerical prediction and the real deformation can be established.

muscular wall deformation. This comparison can only
be qualitatively developed because it is not possible to
make accurate measures of the real displacement
undergone by the tracheal wall during breathing and
coughing. The computed displacements (1 mm during
breathing and 4 mm during coughing) lie inside the
physiological range of movement of the tracheal wall.
However, the deflections in the numerical model were
generally larger than those seen in the in vivo study.
The numerical results gave an insight of how the
mechanism of coughing can be captured through FSI
simulations showing the muscular membrane collaps-
ing through higher airflow velocities going out the
lungs. To demonstrate a possible clinical application of
this numerical model, we simulated the same human
trachea in presence of a endotracheal prosthesis,
modeled as a simplified 2D cylinder. In the region
where the tracheal stent is located, the muscular
membrane cannot collapse because the material stiff-
ness prevents the wall prostheses from collapsing. Then
the differences in the flow regime between the healthy
trachea (with flexible membrane) and the trachea with
a silicone stent were analyzed (see Fig. 6). It was

shown that the calculated velocity field of the air
flowing out the trachea in presence of stent showed
lower velocity gradients in comparison with a cough in
a healthy trachea.'” This confirms the difficulty of
coughing in surgically treated patients, due to an
increase in the tracheal wall stiffness and a corre-
sponding loss of muscle contraction capability.

This preliminary study shows the capability of
computational models to reproduce clinical observa-
tions and pathologies in the human trachea. While it
shows improvements with respect to the few studies
done before, there are still many assumptions and
approximations that are described. First, for this
study, patient-specific boundary conditions were not
available. This may not affect the numerical solution
qualitatively but a quantitatively effect in terms of flow
velocity or wall stresses can be anticipated. In addition,
the used boundary conditions did not take into
account the entire respiratory system. In future works
at least one bifurcation will be added to the tracheal
tube and physiological conditions will be used in order
to reflect the resistance of the lower/upper airways.
Moreover, the stent is simulated as a molded surface so



FSI Analysis of the Coughing Mechanism 1563

13

Flow rate o

' v
Flow velocity [m/s] t=0.90 s
t 12

k

T

Muscular membrane

Prosthesis Prosthesis

FIGURE 6. Air velocity during coughing in t = 0.78 s and
t = 0.9 s. In the first row, the results for a normal (flexible)
tracheal wall are presented; in the second, the prosthesis has
been included.

recirculation effects near the extremities of the pros-
thesis due to its simplified geometry could not be
analyzed. On the other hand, the implantation of the
prosthesis was made by adjusting the internal surface
of the trachea to the surface of the prostheses and
therefore the stresses that may appear in the tracheal
wall that would generate granulomas cannot be dis-
tinguished. Regarding the tracheal material proper-
ties, experimental data using samples from autopsy
were obtained in our laboratory. There could be dif-
ferences in tracheal properties between living speci-
mens and the mentioned samples, but this aspect was
neglected in this work, since the active response of the
tracheal muscle was not considered. The influence of
the active response of this muscle was not described
yet, but this will be analyzed in further developments.
Finally, the numerical trachea model is not sur-
rounded by the different soft tissues present in the
human neck. We modeled it as an isolated element

i -

13
0.5 t

Flow rate o

' v

Flow velocity [m/s] t=0.90 s

Flow velocity [m/s] t=0.78 s

FIGURE 7. Air velocity during coughing at the outflow sec-
tionsint = 0.78 s and t = 0.9 s. In the first row, the results for
a normal (flexible) tracheal wall are presented; in the second,
the results for the trachea with prosthesis are shown.

which is not restricted, as it should be, in its wall
displacements. This simplification can affect the wall
deformation quantitatively even though it should not
influence the muscular contraction and dilatation, the
evaluation of which is a very important achievement
of this work.

CONCLUSION

The computational model showed in this study can
be used to evaluate the mechanical behavior of the
trachea during breathing and coughing. Moreover, it
can be considered as a first approach to analyze the
influence of a tracheal stent implantation in a patient,
since it is capable of giving information on the mus-
cular wall deformation, and flow patterns coming out
the trachea. An important clinical application of the
computational modeling is in helping the surgeon in
positioning the prostheses in order to reduce ineffi-
ciencies of the tracheal tubes and improve stenting
technique.
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