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Studying the airflows and the resultant aerodynamic pressure/force in the pharyngeal airway is critical
for understanding the pathophysiology of snoring and sleep apnea. In this work, an experiment-driven
computational study was conducted to examine the aerodynamics in human pharyngeal airway. An
anatomically accurate pharynx model associated with different uvula kinematics was reconstructed from
human magnetic resonance image (MRI) and high-speed photography. An immersed-boundary-method
(IBM)-based direct numerical simulation (DNS) flow solver was adopted to simulate the corresponding
unsteady flows in all their complexity. Analyses were performed on vortex dynamics and pressure fluc-
tuations in the pharyngeal airway and force oscillations on the pharyngeal wall under the influence of
varying airway obstructions, uvula flapping mode, and uvula flapping frequencies. It was found the vor-
tex formation, aerodynamic pressure, and pharyngeal wall force were significantly affected by the width
of the pharyngeal airway. By contrast, the influences from the uvula flapping mode were insignificant
when other parameters were similar. Fast Fourier transformation (FFT) and continuous wavelet trans-
form (CWT) analysis of the pressure time history revealed the existence of higher order harmonics of base
frequency with significant pressure amplitudes and energy intensities. It was also found the airway pres-
sure and pharyngeal wall force oscillate more dramatically at higher uvula flapping frequencies, which
tends to promote the collapse of pharyngeal wall and initiates sleep apnea.
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1. Introduction Besides the aforementioned mechanical/neuromuscular and

anatomical causes, the flow-induced aerodynamic loads in human

Obstructive sleep apnea (OSA) is a common breathing disorder
during sleep (Young et al., 1993) associated with different levels of
pharyngeal airway constriction and mostly loud snoring sound
(Kavcic et al., 2013). The collapse of pharyngeal wall is the direct
cause of the significantly reduced or completely ceased airflow
through the upper airway of OSA patients. It is commonly believed
that the collapsibility of the pharyngeal wall is subject to the inter-
play between external mechanical loads and subsequent neuro-
muscular responses (Patil et al., 2007). The fact that narrowed
airways were found in patients with OSA suggests anatomically
contracted airway could further increase the collapsibility of the
pharyngeal wall (Arens et al.,, 2003) or soft palate (Liu et al.,
2018a, 2019).
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upper airway have been proven to be an important factor affecting
snoring and OSA by extensive experimental (Ayappa and Rapoport,
2003) and computational fluid dynamics (CFD) studies (Mihaescu
et al,, 2011; Pirnar et al., 2015). Though Bernoulli’s principle was
found to be the major cause of reduced aerodynamic pressure in
the pharynx (Fajdiga, 2005), enriched flow physics other than lam-
inar flow happens in the processes of snoring and OSA, suggesting
more complex pathological mechanisms driven by aerodynamics.
Specifically, flow separation and recirculation can happen due to
the irregular shape of human airway, even at its static condition,
causing secondary and highly turbulent flows. CFD Studies have
shown such unsteady flows in static airway models with signifi-
cant vortical structures and pressure fluctuations (Mihaescu
et al., 2011; Wang and Elghobashi, 2014; Xi et al., 2018a; Zhang
and Kleinstreuer, 2011).

Moreover, fluid structure interaction (FSI) between airflows and
vibrating airway structures, such as soft palate, tongue base, and
uvula, could further increase the unsteadiness and complexity of
the flow environment. Studies using FSI have found substantial
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deformation at tongue base and soft palate (Huang et al., 2005; Liu
et al., 2018b; Liu et al., 2007; Sun et al., 2007; Wang et al., 2012;
Zhu et al., 2012), as well as airway collapse at the pharyngeal wall
(Henrik Strand Moxness et al., 2018; Huang et al., 2013; Pirnar
et al., 2015; Zhao et al., 2013).

However, the aerodynamic role of uvula was neglected or might
be significantly underestimated in the aforementioned studies.
Uvula is a hanging structure in the back of the throat. Pronounced
uvula vibrations happen during snoring. The anatomical nature
that the uvula is located in the upstream (during inhalation) of
the pharynx indicates potential aerodynamic effect of uvula oscil-
lations on the downstream airflows and consequent pressure loads
on the pharyngeal wall. However, few experimental data on uvula
kinematics during snoring can be found, and limited CFD studies
have involved a dynamic uvula. Though the FSI study on soft palate
has shown a promising sign of uvular influence on airflows (Pirnar
et al., 2015; Sun et al., 2007; Zhu et al., 2012), whether uvula oscil-
lations will increase the intensity of snoring sound and the col-
lapsibility of the pharyngeal wall remains elusive.

The turbulent nature of airflows in snoring and OSA has stim-
ulated the development of CFD algorithms to better resolve the
flow details. Though studies using Reynolds-averaged Navier-
Stokes (RANS) with turbulence models can capture major
unsteady flow features(Liu et al., 2018b; Mylavarapu et al,
2009; Pirnar et al., 2015), large eddy simulation (LES) can better
resolve the turbulent vortical structures (Powell et al., 2011; Xi
et al., 2018b) and pressure fluctuations (Mihaescu et al., 2011).
As the gold standard in numerical simulations, direct numerical
simulation (DNS) can resolve the flow to the dissipative scale.
Applications include simple geometries (Lin et al, 2007,
Varghese et al., 2007) and static models (Li et al., 2017; Wang
and Elghobashi, 2014).

The present study aims to quantitatively characterize the
influences of uvula oscillation on airflows and aerodynamic
pressure/force behaviors in an image-based airway geometry,
which is the first to conduct DNS analysis on a dynamic uvula.
Key variables, including the airway constriction, uvula flapping
mode, and the flapping frequency of the uvula, are investigated.
There are four specific aims: (1) developing a computational upper
airway model with a flapping uvula, (2) characterizing the effects
of uvular oscillations and airway narrowing on vortex dynamics
and pressure fluctuations, (3) conducting spectrum analysis of
the pressure signals including fast Fourier transformation (FFT)
and continuous wavelet transform (CWT), and (4) examining the
pressure and force behaviors on the pharyngeal wall for its
collapsibility assessment. Two uvula flapping mode with various
flapping frequencies in normal and constricted upper airway
models, respectively, were considered in this study.

2. Methods
2.1. Computational model of upper airway with a flapping uvula

The computational model adopted in this study, as shown in
Fig. 1a, contains the pharynx part of the human airway and the
uvula. The morphology of the pharynx model was directly recon-
structed from the human magnetic resonance image (MRI) data
(Xi and Longest, 2008; Xi et al., 2014), and the uvula motion based
on MRI data and high-speed photography of three subjects (Fig. 1c)
was then added to the pharynx model.

Due to technical limitations, the dynamic MRI (Fig. 1b) was
taken at a low frequency of 12 frames per second, which is insuf-
ficient to resolve the detailed kinematics of an oscillating uvula.
To further investigate the kinematics of uvula, its motion during
simulated snoring of three subjects (males, age: 25-27 years,
BMI: 23.0-26.6) was recorded using a high-speed camera (Photron

FASTCAM SA3, Photron USA, Inc.) at 1,000 frames per second and
512 x 256 pixels resolution. Among the three subjects, one is a
snorer and the other two are not. The usage of in vivo images has
been approved by the institutional review board at California Bap-
tist University. Fig. 1c shows the uvula position at eight instants in
one flapping period of a non-snorer, who is supposed to have a nor-
mal sized uvula (Hamans et al., 2000). Due to technical limitations,
only the front view of the uvula motion can be captured using an
externally positioned camera. However, the trajectory of the uvula
tip still clearly exhibits a sinusoidal waveform. Differences were
also noted in the amplitude of tip excursion (E), which can be sim-
ilar to the midpoint amplitude (heaving mode), or much larger
(pitching mode). Based on the slow-motion analysis results, a vir-
tual skeleton bound with the uvula model was introduced to
reconstruct the uvula kinematics in Autodesk® Maya® (Autodesk
Inc.) (Fig. 1d). Two ball joints were used to control the motions
of the uvula at its root and midpoint, respectively. Same technique
has been successfully applied to the kinematics reconstructions of
birds (Wang et al., 2019) and fish (Liu et al., 2017). In this study,
two uvula flapping modes were reconstructed, including the heav-
ing mode and the pitching mode, as shown in Fig. 1f vs. g. The rota-
tion angles of the root (6z) and middle (6y) joints for the heaving
and the pitching mode were prescribed in Eqgs. (1)&(2),
respectively.

Or = Oy sin(27t/T), O = Py sin(2mt/T + 1); By = Py = 20°. (1)

O = @p Sin(27t/T), Oy = Wp sin(27t/T); Dp = ¥p = 15°. )

where ® and YV are the angle amplitudes of the root and the middle
joints, respectively. The 15° ®p and W5 for pitching mode were mea-
sured based on the dynamic MRI data shown in Fig. 1b. The 20° &y
and Wy for heaving mode were chosen so that the heaving uvula’s
centroid of volume matches with that of the pitching mode at max-
imum flapping amplitude, and a fair comparison between the two
modes can be made. The phase lag 7 in Eq. (1) was added so that
the root joint and middle joint were out of phase and the heaving
mode of uvula flapping was created.

To investigate the effects of pharynx width on the aerodynamics
in OSA, the pharynx was constricted to simulate a narrowed air-
way. Fig. 1e&f show the comparison of the airway morphologies
between the normal and the constricted pharynx. The ratios of
the cross-sectional area (Ap) and the pharynx width (W) between
the normal and the constricted pharynx were 3.5 and 2.4, respec-
tively. Pressure probes were distributed at three points of interest
in the airway to monitor the pressure change in the airflow
(Fig. 1Te-h).

To study the uvular frequency effects, three flapping frequen-
cies of the uvula (50, 100, 200 Hz) were tested in comparison to
a stationary model. The base flapping frequency followed the
experimental study (Miyazaki et al., 1998) to be 100 Hz. The peak
inhalation flow rate was assumed to be 20 L/min, which is close to
the peak inspiratory flow rate range of 22.2-24.0 L/min of seven
habitual snorers during sleeping reported by (Clark et al., 1998).
To simulate the concurrent oronasal breathing during sleep, 80%
of the air enters through the nose while 20% through the mouth.

Table 1 summarizes the changes in the key parameters involved
in this study and their ranges. The Reynold number ranged from
997 to 1188.

2.2. Numerical methods
The governing equations solved in this work are the incom-

pressible Naiver-Stokes equations, written as:

oui _ 0; %Jrauiuj o 1 il (3)
OXi ot 0X; 0X;  Re 0x;0x;
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(a) Human upper airway model
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(b) Dynamic magnetic resonance imaging (MRI)
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Fig. 1. (a) Detailed views of the computational model. The model includes two air inlets (nasal and oral) and one outlet. In the side view (right), uvula positions at three time-
instants are shown. (b) Dynamic magnetic resonance imaging (MRI) data with measurements of uvula angles ®» and ¥, at root and midpoint, respectively, on mid-sagittal
plane at maximum uvula flapping amplitude. The black-dashed line denotes uvula midline. (c) High-speed camera images of uvula kinematics in one flapping cycle. (d)
virtual skeletons adopted for uvula kinematics reconstruction. The virtual skeleton was smoothly bound with the uvula mode. Two ball joints, including the root joints and
the middle joints are connected by virtual bones. (e-h) Comparison of airway width between the original pharynx (e) and the constricted pharynx (f), and the comparison of
uvula kinematics between the heaving mode (f) and the pitching mode (g). The midline and the tip of the uvula are denoted with black dashed line and black dot, respectively.
The blue dots denote the locations of the joints. 0z and 0y are the rotation angles of the root and middle joints, respectively. E denotes the peak-to-peak tip excursion of the
uvula. The black and red outlines show the shapes of the cross-sections of the normal and the constricted pharynx. W denotes the pharynx width. The three pressure probes
are marked as red dots with a black outline. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Key parameters involved in this study and their ranges.
Morphology Flapping mode f(Hz)
Normal pharynx (W =0.20L), Heaving mode O(stationary),
Constricted pharynx (E=0.08L), Pitching 50, 100, 200

(W = 0.08L) mode (E = 0.15L)

where u; are the velocity components and p is the pressure. For
solving airflows in human airway, an in-house immersed-
boundary-method (IBM) based direct-numerical-simulation (DNS)
solver (Mittal et al., 2008) was employed, which has been success-
fully applied to biological flapping propulsions including insects
(Bode-Oke et al., 2018), birds (Wang et al., 2019), and fish
(Liu et al., 2017). Recently, it has been validated against various

CFD solvers, including laminar model, RANS, and LES, in simulating
human nasal airflow (Li et al., 2017).

The computational domain (Fig. 2a) had the size of
0.6L x 1.0Lx 0.4L with a grid size of 53 million
(161 x 257 x 129). The inner airway surface was represented by
an unstructured mesh with triangular elements, on which the
boundary conditions were imposed using the multi-dimensional
ghost-cell method (Dong et al., 2006). Two velocity inlets (nasal
and oral) and one pressure outlet (trachea) were applied. Zero-
gradient boundary condition was applied to the outlet to allow
the convection of the vortices without significant reflection. The
primitive variables u; and p were discretized on the Cartesian grids
using a second-order center-difference scheme in space. A second-
order accurate fractional-step time-marching scheme was
employed.
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Fig. 2. (a) Typical triangular mesh (in red) and computational grid (in blue) employed in the current simulations for the airway-uvula system model. (b&c) Grids independent
study of the instantaneous (b) and cycle-averaged (c) pressure coefficient, respectively, at three probes. The minimum grid spacings of the coarse, medium, fine, and dense
meshes are 0.0059L, 0.0039L, 0.0029L, and 0.0023L, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

2.3. Wavelet transform and variance analysis

Continuous wavelet transform (CWT) analysis was performed
to decompose the time history of pressure signal at the three
probes. Details on the methodology of CWT used in this paper
and the reason for using CWT analysis can be found in Appendix A.

3. Results

The simulation results, including the probe pressure,
vortex structures, and surface pressure/forces are presented and
compared across the simulations. The 3-D vortex structures are
visualized using isosurfaces defined by Q-criterion (Hunt et al.,

1988), with Q:%[|Q|2—|A\2] > 0. Here A =1[Au+ (Aw)"] and

Q =1[Au — (Au)"] are the shear strain rate and vorticity tensors,
respectively. The instantaneous pressure coefficients Cp at probes
and the nondimensional force F; on the pharyngeal wall were cal-
culated as,

P g b
1pUZ 1pUZ, L

out out

Cp (4)

where p is the gauge pressure, Uy, is the mean outlet flow velocity,
and F, is the z-component of the pharyngeal wall force caused by
pressure. L is the height of the pharynx part of the human airway
model used in the present study, and L = 92 mm.

Convergence studies have been conducted to prove the present
results are independent of computational grids. Four sets of grids,
including the coarse (0.8 million), medium (2.8 million), fine (5.3
million), and dense (9.0 million) grids, were employed. Fig. 2b&c

shows both the instantaneous (Cp) and cycle-averaged (6,:)

pressure coefficients converged as the grids number increased at
all three probes. The differences between the fine and the dense

meshes were minimal (less than 3% in Ep at probe II). The present
simulations all adopted the fine grid, which has 22 grid points
across the smallest cross-section of the narrowed pharynx model.

3.1. Effect of pharynx width

Fig. 3 compares the instantaneous vortex structures
(Q-criterion, Q=80) in the pharyngolaryngeal airways between
the normal and the constricted pharynx at four time-instants with
a heaving uvula. Large amount of vortices induced by the flapping
motions of the uvula were observed in both models. The vortices
decayed quickly as they were transported downstream in the nor-
mal pharynx. By contrast, in the constricted pharynx, they were
amplified by the narrow duct and continued to grow after exiting
the narrowing, causing more intensified vortices in the pharyngo-
laryngeal region.

Fig. 4 compares the energy contents (wavelet variance)
between the normal and the constricted pharynx in terms of differ-
ent frequencies at three probes. For all probes, pressure oscillations
over the scale of 50-400 Hz accounted for most of the variability in
the time series. Comparing normal and constricted, however, more
differences in energy intensity were found when the probe was
located more downstream, indicating the constriction significantly
changed the aerodynamic pressure behaviors downstream the
uvula. The variance at the 2nd-harmonic, relative to the fundamen-
tal frequency, also increased from probe I to III, indicating pressure
fluctuations more dominated by the flapping motions of the uvula
in the downstream.

The above results were also verified by breaking the probe sig-
nals into frequency-specific time series components (shown in the
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(a) Normal pharynx (b) Constricted pharynx
tT =0.0 YT =1/4 t/T =0.0 T =1/4 T =2/4

Tip Excursion, E
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112
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N T

Fig. 3. Comparison of airway vortex structures at four time-instants (t/T = 0, 0.25, 0.5, and 0.75) between the normal (a) and the constricted pharynx (b) from side views.
Three-dimensional wake topologies are visualized using the Q-criterion (Q = 80). The isosurfaces are flooded by Cp.
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Fig. 4. Comparison of energy spectrum between models with the normal and the constricted pharynx at three locations: (a) probe I, (b) probe II, and (c) probe III. The left
panels show the wavelet variance at different frequency scales; the right panels show the frequency-specific components of the probe pressure time series of the normal
pharynx at three frequencies (100 Hz, 200 Hz, and 300 Hz).

right panels of Fig. 4). From probe I to III, the sinusoidal waveforms 3.2. Effect of uvula flapping mode

became more irregular and the signal intensity at higher frequen-

cies (200&300 Hz) increased, mainly because of the interplay Fig. 5a compares the streamwise velocity at the midsagittal
between the vortex shed from the uvula and the turbulent shear plane of the airway between the heaving and the pitching uvula
layers from the airway walls, observed in Fig. 3. at their leftmost positions. A strong reverse jet formed to the left
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(a) Velocity
Heaving uvula Pitching uvula

(b) Vortex
Heaving uvula

Pitching uvula

Fig. 5. Comparison of the velocity field and vortex structures between the heaving and the pitching uvula when the uvula was at the leftmost position: (a) instantaneous
velocity at the middle plane of the airway and (b) instantaneous coherent structures and zoom-in views around the uvula. The velocity is scaled by the mean velocity at the
outlet. The vortex was colored by the pressure coefficient Cp. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

of the pitching uvula due to the adverse pressure gradient caused
by flow separation. In contrast, no obvious reverse jet was found
in the heaving uvula.

Fig. 5b demonstrates that different vortex patterns were cap-
tured by the IBM-based DNS simulations between different uvula
flapping mode. Due to complex anatomical details such as airway
constriction and hanging/protruding/dynamic structures, different
flow phenomena coexisted. For example, wall shear flow, vortex
shedding, flow separation/reattachment, and their dynamic inter-
play. Vortex shedding from the back of the uvula appeared to be
more dominating than other mechanisms. These coherent struc-
tures were subsequently transported to the pharynx and larynx,
leading to various levels of flow instability and turbulence.

The cycle-averaged pressure coefficients (Cp) at probes I&III
were 0.61 and —1.75 for the heaving uvula and 0.57 and —-1.84
for the pitching uvula, respectively, showing small differences in

Ep downstream the uvula caused by two uvula flapping modes.

3.3. Effect of uvula flapping frequency

The dynamic MRI and high-speed image (Fig. 1b&c) showed the
significant flapping motion of uvula, which will inevitably cause
unsteady effects to the airflow. However, few literatures has
included a dynamic uvula in upper airway simulations. In this sec-
tion, the aerodynamics of a fixed uvulais studied and compared with
flapping uvulas at various flapping frequencies, so that the aerody-
namic impact of a flapping uvula can be examined. The uvular fre-
quency effects on airflows and pressure fluctuations in the
pharyngolaryngeal airway are shown in Fig. 6. Similarities, as well
as large discrepancies, were noted in the x-vorticity fields among
different uvula flapping frequencies (Fig. 6a-d). For all frequencies,
the constricted pharynx caused the flow shear layers that detached
from the airway wall (black arrows in Fig. 6a) to interact with vor-
tices shed from the uvula. The shear layers were stable when the
uvula was stationary (Fig. 6a). They became unstable and oscillatory
as the frequency increased and eventually broke into even finer vor-
tices (red ellipse in Fig. 6¢). Earlier breakups were noted at 200 Hz
than 100 Hz, indicating a more unstable flow at higher frequencies.

Even more significant differences due to frequency effects were
detected in the vicinity of the uvula (blue rectangles in Fig. 6a&d).
With increasing flapping frequency, the vorticity field in this region
progressively increased in complexity, and the vortex sizes became
finer. Fig. 6d reveals a multi-layer vorticity field formed to the left
of the uvula: the first layer (1, blue) resulted from the vacuum at
the back of the flapping uvula, the second layer (2, red) was the
remnant of the shear layer from the left wall of the uvula, while
the third layer (3, blue) resulted from the shear layer separated
from the front wall of the uvula, which curved up due to the fast,
right-flapping motion of the uvular tip. A similar pattern was also
found at 50 and 100Hz, but at much-reduced intensities
(Fig. 6b&c).

Fig. 6e compares Cp between various flapping frequencies (0, 50,
100, and 200 Hz) at probes I&lI, respectively. The pressure was rel-
atively steady at all probes when the uvula was stationary. The
fluctuations intensified continuously as the uvula flapping fre-
quency increased from O to 200 Hz, regardless of the probes’
location.

The pressure signals at probe Il was further analyzed using FFT
and CWT for 50, 100, and 200 Hz (Fig. 7). All three FFT spectrums
exhibited peaks at the fundamental frequency and its harmonics
(2nd to 4th), which together dominated the signal energy. How-
ever, nonlinear responses of the flow to the external forcing (here
uvula oscillation) were found in terms of the energy distribution vs.
frequency (Fig. 7a). The amplitude ratio between the 2nd-
harmonic and the base frequency increased from 0.26 to around
1.0 as the flapping frequency increased from 50 to 200 Hz. Note,
the absolute amplitudes at 200 Hz were more than twice those at
50 and 100 Hz.

Fig. 7b shows the scalograms at the three frequencies after CWT
analysis of the pressure probe signals. In this way, temporal varia-
tions of the energy spectrum can be clearly viewed. All scalograms
exhibited a clear periodicity when f/F, > 8, with a frequency that
was twice of the forcing frequency, as evidenced by the dashed
rectangle (Fig. 7b). Moreover, high energy was only found at the
fundamental frequency (f/Fo = 1) for the 50 Hz case, while it was
found at f /Fo = 1-2 for 100 Hz, and at f /F, = 1-4 for 200 Hz, which
corroborated the FFT results in Fig. 7a.
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Fig. 6. Comparison of x-vorticity on slice-cuts at the median plane of the constricted pharynx model with the pitching uvula under different uvula flapping frequencies: (a)
0 Hz (stationary), (b) 50 Hz, (c) 100 Hz, and (d) 200 Hz. Comparison of pressure at probes I and Il among different uvula flapping frequencies is shown in (e).
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Fig. 7. Pressure signal analysis at Probe II in the constricted model with the pitching uvula under different uvula flapping frequencies: (a) fast Fourier transformation (FFT)

and (b) scalogram based on continuous wavelet transformation (CWT).

3.4. Pharyngeal wall collapsibility

Fig. 8 compares the Cp distribution on the pharyngeal back
walls between the normal and the constricted pharynx at four
time-instants. Significant pressure difference at corresponding
regions were found. As expected, the upper wall (red box) in con-
stricted pharynx had higher pressure than in the normal one, while
the lower part (blue box) had lower pressure, being consistent with

probe pressure results in the previous study (Wang et al., 2018).
The upper wall had the lowest pressure at t/T=0.25 when the
uvula was rightmost (closest to the back wall) and the highest
pressure at t/T = 0.75 when leftmost, showing the direct influence
of uvula motions on the wall pressure distribution.

The region of interest (Rol) (Fig. 9a) had a height of 1.4 cm cov-
ering the most collapsible region of the pharynx. Consistently neg-
ative pressures were observed in the Rol of the constricted passage
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(a) Normal

t/T =0

tT =3/4

Fig. 8. Comparison of the pharyngeal wall pressure distribution between the normal (a) and the constricted pharynx (b) at four time-instants (t/T = 0, 0.25, 0.5, and 0.75). The
dashed boxes in red and blue denote the upper and lower part of the pharynx, respectively. The dashed box in black represents the region of interest (Rol) corresponding to
the narrowest part of the constricted pharynx. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 8b). As a result, a normal force pointing toward the airway
lumen was predicted on both the front and back pharyngeal walls
(Fig. 9b), promoting collapse of the pharynx. The collapse would
further narrow the air passage, leading to higher collapsibility
and eventually complete airway closure (OSA). In contrast, the
force of the normal airway passages varied along zero and alter-
nated directions on both the front and back walls (Fig. 9b), lending
a possibility of wall vibrations for over-compliant walls. Fig. 9e
shows the mean values and standard deviations of the force
histories in Fig. 9b. Besides the dramatic change in the mean wall
forces between the normal and the constricted pharynx, the
standard deviations of the forces also increased, indicating greater
force fluctuations due to the constriction. The time-averaged
pressure at Probe III in the Rol is around —2.4 cmH,O0 which
corresponds to an electromyographic (EMG) activation threshold
level of 4% in OSA patients and a 1.3 mm soft palate displacement
modeled by (Liu et al., 2019), indicating an early stage of airway
collapse.

Similar mean forces were found in the Rol between the heaving
and the pitching uvula (Fig. 9¢), showing insensitivity of the mean
wall forces to the uvula flapping mode. However, the standard
deviations of the heaving uvula were larger than the pitching one
(Fig. 9f), showing more force fluctuations, reaffirming the finding
from probe pressures in the previous study (Wang et al., 2018).

The flapping frequency of uvula has significant impacts on the
wall force exerted on Rol. The forces were nearly constant on both
the front and back walls when the uvula was stationary (Fig. 9d).
As the flapping frequency increased, both the mean values and
the standard deviations of the wall forces increased monotonically

(Fig. 9g). The force oscillations increased dramatically from 100 Hz
to 200 Hz (Fig. 9d), resulting in a 262% and a 265% standard devi-
ation increase in the front and back walls of Rol, respectively
(Fig. 9g). The results suggest that the flapping frequency of the
uvula was a dominant factor in determining the fluctuations of
the forces on the pharyngeal wall.

4. Discussion

The present study has demonstrated significant effects of uvula
kinematics on airflows, pressure fluctuations, and pharyngeal wall
forces during snoring/OSA, which has not been reported before.
The uses of high-speed photography, anatomically accurate model,
and high-fidelity DNS flow solver has greatly promoted the credi-
bility of this work.

Results of this study would help better understand the pathol-
ogy of snoring/OSA from an aerodynamic perspective. The current
results indicate that there might exist a threshold of the airway
constriction, wider than which only wall vibrations are possible
(snoring) while narrower than which a cascade of wall collapse
would happen, leading to OSA (Fig. 9). Many factors can affect this
airway passage threshold, such as the vibration frequency of the
uvula, the respiration flow rate, and the compliance of the pharynx
wall. Alternatively, guidance can be learned to intervene symp-
toms of snoring/OSA. For OSA, if the airway opening can be sus-
tained above the threshold level, then the initiation of airway
collapse can be avoided. One example is the CPAP (continuous pos-
itive airway pressure) machine for OSA patients that uses positive
pressures to keep the airway open (Stuck et al., 2012). For snoring,
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Fig. 9. Forces on the pharyngeal front and back walls caused by pressure: (a) Region of interest (Rol) in the normal and the constricted pharynx, respectively. (b-d)
Comparison of pharyngeal wall force between the normal and the constricted pharynx (b), between the heaving and the pitching uvula (c), and between various uvula
flapping frequencies (Stationary, 50 Hz, 100 Hz, and 200 Hz) of the constricted pharynx with pitching uvula (d). In (a) each Rol contains a front wall and back wall separated
by blue dash-dot lines. In (b-d), red lines denote forces exerted on the front wall and black lines on the back wall. (e-g) Mean values and standard deviations of the
corresponding wall force time histories in (b-d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

since the flapping frequency of the uvula is determined by its nat-
ural (resonance) frequencies, as shown in the FSI study (Pirnar
et al., 2015), somnoplasty procedures such as fiber implants, fat
injection, and section/removal of the uvula (Madani, 1999;
Srinivasan et al., 2008) can be used to alter the natural frequency
and eventually to prevent or reduce uvula vibrations (Cartwright
et al., 2000; Javaheri and Wexler, 2005).

Limitations of this study include the assumptions of rigid air-
way walls and the idealized and prescribed kinematics of the
uvula. More detailed discussion on the limitations is in Appendix B.

5. Conclusion

In this study, a physiologically based upper airway model with
varying uvular kinematics was developed. Direct numerical simu-
lations of flow dynamics inside the airway were conducted using
an immersed boundary method. It was observed that both vortex
development and aerodynamic pressure were highly sensitive to
the level of airway constriction, while were insensitive to the uvula
flapping mode if the flapping frequency were identical. A partially
constricted pharynx was prone to cause further collapse of a
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flexible airway. Pressure oscillations were in phase with the uvular
base oscillations, and also exhibit oscillation features at higher
orders of harmonics. Moreover, the frequency of uvular oscillation
was found to be a dominant factor in determining the amplitudes
of airway pressure fluctuations and pharyngeal wall force
oscillations.
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Appendix A
Wavelet transform and variance analysis

Wavelet transform can decompose a time series pressure signal
into different scales to detect relationships not obvious in the orig-
inal data. It uses a family of wavelets by translating and dilating a
mother wavelet, expressed as:

wt(a,b) = % [:f(t)w(%)dt,a >0

where y(t) is the mother wavelet (analysis window), f(t) is the
temporal variation of the signal, a is the variable that controls the
expansion or compression the mother wavelet, and b is a time lag.
Local irregularities can be extracted by varying the two variables a
and b (Grossmann and Morlet, 1984). In this study, continuous
wavelet transform (CWT) was performed to identify the time-fre-
quency spectrum (scalogram) and signal variance. The Haar wave-
let was selected as the mother wavelet for both analyses
(Grossmann and Morlet, 1984).

The reason for using CWT analysis is because the airway pres-
sure behaves differently in terms of magnitude and frequency at
varying flapping frequencies of the uvula. The highest energy
component of airway pressure, which is most responsible for the
airway collapse, does not always occur at the uvula flapping fre-
quency, but may occur at its second or third harmonics. Wavelet
analysis provides this information by breaking the pressure into
energy components at different frequencies (i.e., energy spectrum)
and helps to identify both the amplitudes and frequencies of the
high-energy components. Moreover, insights into the nonlinear
interaction between the uvula and airflow can be gained through
examining the energy spectrum and its temporal variation.

(A1)

Appendix B

Limitations of this study include the assumptions of rigid air-
way walls and the idealized and prescribed kinematics of the
uvula. However, this study aimed to quantitatively evaluate the
impacts of uvula oscillations and airway constriction on pharyn-
geal wall collapsibility, not the snoring process. Using the rigid
wall assumption will not fundamentally change the force behavior
on the pharyngeal wall due to uvula oscillations. In addition, using
these assumptions significantly reduced computational demands.
Future investigations on sleep apnea using two-way fluid-struc-
ture interactions are needed to gain deeper insights into the mech-
anisms of snoring and sleep apnea so that the coupling between
aerodynamic force and structural dynamics can be fully solved. It

is noted that DNS simulations of respiratory aerodynamics with
dynamic structures are still numerically complicated and compu-
tationally expensive. With a computational mesh of 5.3 million
and a time step size of 2.0e-5s, one simulation with 0.12s (12
cycles) took approximately 189 h (8 days) in an Intel® Xeon® E5-
2609 v2 workstation.
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