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Abstract: Obstructive sleep apnea (OSA) is a common sleeping disorder characterized by the reversible partial or complete obstruction
of the upper airway during sleep. Simulating airflow and resulting soft tissue deformations in the upper airway can help to understand
the causes that lead to OSA and help to improve therapy options. In this work, the interaction between airflow and the surrounding
soft tissue of an upper airway model including the nasal structures was examined with a fluid-structure interaction (FSI) in-silico
simulation. The simulation was validated with experimental measurements. An anthropomorphic 3D printed upper airway phantom of
an obstructive sleep apnea patient was fabricated and used in deformation measurements to reproduce an inhalation process with a
maximal flow rate of 15 I/min. The deformation was measured with a CT scanner and compared to the corresponding FSI simulation

results. The comparison showed good agreement in the resulting deformation.

I. Introduction

Obstructive sleep apnea is acommon sleep-related disorder
characterized by episodic partial or complete collapses of
the upper airway due to a shift of the surrounding soft
tissue. Mostly, the collapse occurs in the retropalatal or
oropharyngeal area in 56-75 % of OSA patients [1]. Due to
severe comorbidities and secondary diseases like cardio-
vascular diseases, diabetes, depression and excessive
daytime sleepiness a proper treatment of OSA is highly
recommended [2]. FSI simulations of airflow and resulting
deformation can help to gain a higher understanding of
patient specific processes. In this work, we present an FSI
simulation of an upper airway of an OSA patient, that was
validated with deformation measurements with a 3D
printed and silicone casted upper airway model.

Il. Material and methods

A flexible anthropomorphic airway phantom was
fabricated to perform flow dependent deformation
measurements. The measurements were used to validate
FSI simulations.
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1.1. Model fabrication and deformation

measurements

MR images (3T Philips Ingenia, 3D T1 TSE sequence) of
the upper airway including the nasal structures of a 56-
year-old female OSA patient with a BMI of 36 were used
as data basis. The patient has a two nights-averaged apnea-
hypopnea-index (AHI) of 27 and an oxygen desaturation
index (ODI) of 15 indicating moderate OSA. Healthy
people have an AHI below 5 and ODI less than 10.

The model was fabricated using additive manufacturing
and silicone casting techniques. Therefore the soft tissue
components were merged together and produced with
silicone Sylgard 527 (Sylgard 527 Silicone Elastomere,
Dow Corning, Midland, Michigan, USA) using the 3D
printed casting mould. Sylgard 527 has a Youngs modulus
of 5 kPa [3] which according to [4] and [5] is in the same
range as the upper airway elastic tissue. The airway
structure was printed with water-soluble material
(Premium PLA filament and Atlas PVA filament,
FormFutura, Nijmegen, The Netherlands) and removed in
a water bath after soft tissue fabrication was completed.
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For more information about the preprocessing and
fabrication process of the hardware phantom see [6]. Fig. 1
shows the comparison between the MR images of the upper
airway of the OSA patient and the corresponding fabricated
hardware phantom. The computer-aided design of the
upper airway phantom, the water-soluble pharynx, and the
measurement setup in the CT scanner are shown in Fig. 2.

Figure 1: MR image of the upper airway of an OSA patient (left)
and corresponding 3D printed upper airway phantom (right).

For CT deformation measurements a flow rate of 15 I/min
steady airflow was used mimicking physiological
inspirational behavior during quite breathing [7].

A reference measurement with no applied flow was taken.
Airflow was acquired using a custom-made flow pump.
For flow measurements a mass flow meter from Sensirion
(SFM 3000, Sensirion, Stafa, Switzerland) was used.

The CT images were acquired with a Siemens CT scanner
(Somatom Definition AS+, Siemens Healthineers, Erlangen,
Germany) with a voxel spacing of 0.4 x 0.4 x 0.3 mm? and
a peak tube voltage of 120 kVp.

Figure 2: Explosion view of the casting mold with integrated soft
tissue and water-soluble airway (left), 3D printed water-soluble
airway (middle) and measurement setup in the CT scanner

(right).

The segmentation of the upper airway was performed with
Mimics (Materialise Mimics, Materialise NV, Leuven,
Belgium) with automatic threshold segmentation.

For determining the deformation, the deformed model was
compared to the undeformed reference model by calcu-
lating the least distance between the models for every node
of the segmented STL files. Besides the no flow reference
measurement that was conducted prior to the deformation
measurement, a second no flow measurement was per-
formed afterwards, to examine the elastic behavior of the
silicone restoring its original shape.
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IL1I. Simulation setup and boundary conditions
The digital airway model created to print the hardware
phantom was also used for the FSI simulation. For this
purpose, the simulation software COMSOL Multiphysics
6.0 (COMSOL Multiphysics GmbH, Gottingen, Germany)
is used. The airway and surrounding soft tissue, like the
tongue and the soft palate were considered in the
simulation, whereas the surrounding rigid casting mold of
the hardware model and the fixed tissue around the nasal
structures were neglected to reduce computational cost.
The digital model is shown in Fig 3 (left).

For the simulation of airflow through the airway, the fluid
can be considered as incompressible, due to the low
velocity that occurs during inhalation (Mach number
MA < 0.05). The Reynolds number (Re) was estimated in
a laminar region for a maximum flow rate of 15 I/min,
which was the flow rate in the experimental setup. To
simulate the behavior of the fluid, the incompressible
Navier-Stokes equations are used. They describe the
conservation law of mass and momentum

Vu=20 (D
ou 1
E+u-Vu—yAu+;Vp=g 2

where u is the velocity vector, p pressure, g external
forces, u dynamic viscosity of air (u = 1.814 - 1075 Pa-s)
and its density with p = 1.204 kg/m3

The basic equations of continuum mechanics, which
mathematically describe the behavior of a structure,
are modeled by the kinematic relations and the material
law. The surrounding soft tissue modeled in the hard-
ware phantom with the silicone Sylgard 527, can be
considered as hyper-elastic. Therefore, a Youngs modulus
of E = 5000 Pa, Poisson's ratio v = 0.49 and a density of
p = 1032 kg/m?® were chosen as material parameters.

fixed boundaries -

Figure 3: Digital model of the phantom for FSI simulation, where
the purple boundaries are considered to be fixed (left) and the
computational mesh with 371,284 elements, which is composed
of tetrahedral (278,560), pyramidal (706) and prismatic (92,018)
elements (right).
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To simulate flow with a flow rate V as in the experimental
setup, a velocity u = V /A n is defined at the outlet of the
trachea, where V = 15 [/min and were A is defined as the
area of the outlet with normal vector n. The velocity
increases constantly until the maximum flow rate has been
reached after 1 s to improve convergence. At the inlet a
relative pressure of 0 Pa is selected as boundary condition.

To ensure that the degrees of freedom of the deformation
were similar to the phantom, the areas around the epiglottis
and trachea were defined as fixed (see Fig. 3, purple areas).
Otherwise, large deformations would occur in the area of
the fixed trachea, which is not realistic due to the
cartilaginous structure of the trachea and was not observed
in the deformation measurements. In addition, the posterior
wall of the soft tissue was also assumed to be fixed, as the
phantom has significantly less soft tissue in this area due to
the fabrication of the model. In addition, the movement of
the soft tissue is limited here by the vertebral bones.

In COMSOL Multiphysics, the discretization is based on
the finite element method. The computational mesh was
automatically created in COMSOL based on applied
physics and consists of 371,284 elements, which is
composed of tetrahedral (278,560), pyramidal (706), and
prismatic (92,018) elements. The average element quality
related to the equiangular skewness is 0.63, where 0
represents a degenerate element with large or small angles
compared to the angles in an ideal element and 1 represents
the best possible element. The mesh is shown in Fig. 3

(right).

For the time-dependent FSI simulation, the conservation
equations for the fluid domain and the structure domain are
solved by a fully coupled solver.

The FSI simulation was obtained on a cluster (4x Intel
Xeon E5-4657L v2 @ 2.40 GHz, 1 TB RAM) which
demanded 18.56 GB memory and a computation time of 6
h 20 min.

lll. Results and discussion

Fig. 4 shows the resulting deformation of the measurement
(left) in comparison to the calculated deformation from the
simulation (right) in mm. Here, the retropalatal region,
which is defined from the beginning of the oropharynx
(z = 0 mm) — which will be referred to as pharyngeal inlet
-to the tip of the epiglottis (z = 50 mm), was considered. In
the measurement, a maximum deformation in the
retropalatal region of approximately 0.4 mm is observed
and 0.35 mm in the simulation. Due to the small
deformations, which are below the CT resolution
(i.e. less than 0.4 mm?3), it cannot be concluded that the
simulations and measurements agree in quantity. But, the
regions of deformation are in good agreement. In the
region, which corresponds to the area behind the tongue,
the phantom contracts due to flow forces in the simulation
as well as in the measurement. At the inlet of the phantom
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a slightly different deformation behavior appears. While in
the simulation no deformation is occurring in this area, in
the measurements a slight expansion of the phantom of
approximately 0.2 mm can be observed. Due to the low
resolution of the CT measurement the accuracy of the that
deformation cannot be appraised without further measure-
ments.
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Figure 4: Comparison of the resulting deformation of the
measurement (left) and the simulation (right) in the retropalatal
region in mm. The region is defined from the beginning of the
oropharynx (z = 0 mm) to the tip of the epiglottis (z = 50 mm).
The comparison of the deformation behavior along the
midline is depicted in Fig. 5. Here the deviation between
measurement and simulation can be seen at the boundaries
to the pharyngeal inlet (z=0 mm) and to the epiglottis (z=50
mm), due to the predefined fixed planes which limit the
deformation of the simulation.
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Figure 5: Comparison of the simulated and measured deforma-
tion along the midline of the retropalatal region of the phantom.
The resolution of the CT measurement is 0.3 x 0.3 x 0.4 mm? and
is thus below the deformations that occur.

By comparing the no flow measurements that were
acquired before deformation and after deformation it has
been verified that the silicone representing the upper
airway soft tissue returns to its original shape and thus can
be used for further measurements.

Due to the narrowing of the pharynx in the retropalatal
region, a velocity jet with a maximum velocity of 14.6 m/s
is developed (see Fig. 6). The jet is shifted to the left side,
where a pressure drop occurs. The pressure distribution
over the entire model is shown in Fig. 7. The pressure drop
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occurs at the front side of the pharynx, where the movable
soft tissue is located. To achieve a flow rate of 15 I/min a
mean pressure of -178 Pa is required at the outlet.

Time=1s Slice: Velocity magnitude (m/s)

.
—
L)

Yo

Figure 6: Cross-section through the model showing flow
velocities in m/s. A jet with a maximum velocity of 14.6 m/s is
developed.
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Figure 7: Simulated pressure distribution in Pa. A pressure of
0 Pa is specified as a boundary condition at the inlet. A pressure
drop occurs at the front side of the pharynx.

IV. Conclusions

All in all measurements and simulations have shown that
at a flow rate of 15 I/min small deformations occur in the
upper airway, especially in the retropalatal region. The
deformations that occur are below the resolution of the CT
used, so that a quantitative comparison of the deformations
between simulations and measurements is not possible.
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However, it could be shown that the region of the occurring
deformations agrees. Slight deviations in the behavior of
the deformation occur at the inlet of the phantom.
Deformation measurements with a higher resolution have
to be performed to compare the results.

To achieve even better correspondence fixed boundary
conditions at the regions of the inlet, trachea and epiglottis
of the simulation can be adapted. Instead of predefining the
fixed boundaries with simple planes, the area should be
defined precise using anatomical segmentation of the
trachea and epiglottis. In addition, an explanation for the
slight deviance might be the production-related deviation
of the hardware model from the original segmentation of
the upper airway geometry (for more information see [6]).
Therefore, the redigitized model from the CT deformation
measurements without flow could be used to minimize
deviations between simulation and experimental model. To
gain even more measurement parameters to validate the
simulation a corresponding hardware flow phantom with
integrated pressure sensors is being planned. CT
measurements with a higher resolution are planned in the
future to reproduce the validation with a more accurate
resolution suitable for the low measuring range.
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