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Abstract

The most collapsible part of the upper airway in the majority of individuals is the velopharynx which is the segment positioned
behind the soft palate. As such it is an important morphological region for consideration in elucidating the pathogenesis of ob-
structive sleep apnea (OSA). This study compared steady flow properties during inspiration in the pharynges of 9 male subjects
with OSA and 9 body-mass index (BMI)- and age-matched control male subjects without OSA. The k-w SST turbulence model was
used to simulate the flow field in subject-specific pharyngeal geometric models reconstructed from anatomical optical coherence
tomography (aOCT) data. While analysis of the geometry of reconstructed pharynges revealed narrowing at velopharyngeal level
in subjects with OSA, it was not possible to clearly distinguish them from subjects without OSA on the basis of pharyngeal size and
shape alone. By contrast, flow simulations demonstrated that pressure fields within the narrowed airway segments were sensitive to
small differences in geometry and could lead to significantly different intraluminal pressure characteristics between subjects. The
ratio between velopharyngeal and total pharyngeal pressure drops emerged as a relevant flow-based criterion by which subjects

with OSA could be differentiated from those without.
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1. Introduction

Failure to maintain the patency of the upper airway dur-
ing sleep characterizes obstructive sleep apnea (OSA), an ex-
tremely common and disabling disorder. This failure occurs as
the result of a sleep-related loss of compensatory dilator mus-
cle activity in individuals with anatomically predisposed air-
ways. Many factors, including obesity and narrow skeletal con-
fines, can contribute to this predisposition (Isono, 2012). These
factors can act to both narrow the airway lumen (Rodenstein
et al., 1990; Kim et al., 2008) and increase airway wall com-
pliance (Schwab et al., 2003). The velopharyngeal airway ap-
pears to be particularly affected (Schwab et al., 1995; Arens
et al., 2005). These anatomical characteristics combined with
the aerodynamic forces created by inspiratory airflow through
the complex airway geometry (Lucey et al., 2010) play an im-
portant role in the pathogenesis of OSA. Several studies have
demonstrated the fluid-structure interaction mechanisms of up-
per airway collapse involved in OSA from idealized (Balint and
Lucey, 2005; Chouly et al., 2008; Howell et al., 2009; Elliott
et al., 2010) and realistic (Chouly et al., 2006; Zhu et al., 2012)
geometric and tissue modeling.
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Various imaging techniques can be used to obtain quan-
titative representations of an individual’s airway geometry
(De Backer et al., 2008). In general, previous imaging stud-
ies have shown a relationship between morphological features
of the airway, such as upper airway length (Segal et al., 2008)
or velopharyngeal size (Walsh et al., 2008), and the severity of
OSA. However, it remains difficult to distinguish patients with
OSA from healthy individuals using only geometric features of
the airway (Vos et al., 2010). Further, it is generally accepted
that a combination of parameters, including morphological data
such as body-mass index (BMI), geometric data such as airway
narrowness and flow characteristics such as airway resistance,
is required to optimize OSA diagnosis and treatment evalua-
tion (Vos et al., 2007). For example, pre- and post-treatment
airway shapes, flow characteristics and apnea-hypopnea index
(AHI) have been evaluated for mandibular advancement de-
vices (MAD) (Zhao et al., 2013), nasal surgery (Wang et al.,
2012) and maxillomandibular advancement (MMA) surgery
(Huynh et al., 2009; Mihaescu et al., 2011). These studies have
shown a relationship between the reduction of AHI and the re-
duction of airway resistance but they have been limited to a
small number of subjects. By contrast, Van Holsbeke et al.
(2011) have used statistical analyses with a large number of
subjects to identify the types of patients who would most bene-
fit from mandibular repositioning (MR) to decrease airway re-
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sistance.

Direct numerical simulations (DNS) have revealed the very
different flow patterns which can appear within the airway due
to the complexity of the airway shape and the inter-subject vari-
ability (Nicolaou and Zaki, 2013). However, the use of large-
eddy simulation (LES) or steady Reynolds-averaged Navier-
Stokes (RANS) turbulence models can reduce the computa-
tional cost to simulate the flow within the airway and give ac-
curate predictions of important flow features (Mihaescu et al.,
2008; Cui and Gutheil, 2011). The validity of these models has
been confirmed against in-vitro measurements in reconstructed
airways (Mylavarapu et al., 2009; Kim and Chung, 2009).

Anatomical observations have shown that the velopharynx
tends to be narrower for patients with OSA (Walsh et al., 2008)
and simulations have demonstrated that the narrowing of the
velopharyngeal cross-section formed by the soft palate and
posterior pharyngeal wall generates strong pressure gradients
within this part of the pharynx and leads to an increase in airway
resistance (Lucey et al., 2010). Flow simulations are thought to
yield a stronger indicator of propensity to OSA than anatomical
features because of the nonlinear relationship between geomet-
ric and flow characteristics within the pharynx (Nicolaou and
Zaki, 2013). The main focus of the present study was therefore
to determine the influence of velopharyngeal shape and size on
the pressure drop across the pharynx and to evaluate the ca-
pacity of flow characteristics to identify individuals with and
without OSA. Our hypothesis was that study of wakeful upper
airway flow characteristics would more accurately distinguish
such individuals than examination of airway dimensions alone.

2. Methods and materials

A comparison was made between the steady flow properties
during inspiration in the reconstructed pharynges of nine sub-
jects with OSA and nine control subjects without OSA.

2.1. Subjects

The subjects belonging to the OSA group (subjects Al to A9)
were recruited from volunteer patients who had undergone a
clinic-based polysomnogram that diagnosed or confirmed OSA
(AHI > 10). None had received any treatment for OSA nor
undergone upper airway surgery.

The subjects belonging to the control group (subjects C1 to
C9) were recruited from volunteers belonging to local service
clubs matching the BMI and age values of the OSA group.
None had a history of habitual snoring. They underwent a
laboratory-based polysomnogram over a full night to confirm
the absence of OSA.

The subjects of both groups were males and otherwise
healthy. Subjects’ age, BMI and AHI are reported in Table 1.
The Human Research Ethics Committee at Sir Charles Gaird-
ner Hospital approved the project and informed written consent
was obtained from all participants.
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Figure 1: Schematic representation of the human upper airway in the mid-
sagittal plane.

2.2. Measurements

The airway geometry was measured with anatomical opti-
cal coherence tomography (aOCT), a minimally invasive en-
doscopic technique based on OCT with a near-infrared light,
specifically adapted to map the anatomy of internal organs such
as the airway (Armstrong et al., 2003, 2006; Leigh et al., 2008;
Walsh et al., 2008). The system consisted of an optical probe
placed inside a sealed, transparent catheter, with a 3 mm outer
diameter. It operated by directing a light beam perpendicu-
lar to the catheter. The distance between the probe head and
the air-tissue interface of the airway wall was determined from
the reflected light using a low-coherence optical interferometer.
The catheter was inserted via the nares to the level of the mid-
esophagus (cf. Fig. 1) and taped to the external nares once in
position. The probe rotated at 1.25 Hz to capture quantitative
cross-sectional images of the upper airway.

The aOCT datasets used in this study were obtained from
a pullback scan made while the subject was supine, relaxed
and awake. The pullback scan involved retracting the optical
probe within the catheter at a constant speed of 0.2 mm.s~!
from the upper esophagus to the nasal cavity. During the scan,
which took approximately 12 min to complete, subjects were
instructed to breathe normally via the nose, to relax their tongue
with the tip resting on the posterior surface of the upper incisors
to ensure that a constant tongue position was maintained during
scanning, and to indicate any swallowing. Simultaneously, rib
cage and abdominal motion were continuously monitored by
respiratory inductance pneumography.

For each subject, the aOCT dataset included more than 1000
images representing a quantitative cross-section of the airway
in the plane orthogonal to the catheter. About one third of the
frames, corresponding to images acquired in the nasal cavity
and in the esophagus, acquired during swallowing, or present-



Table 1: Subject characteristics: age, body-mass index (BMI), apnea-hypopnea index (AHI), pharyngeal length (Lp), pharyngeal average cross-sectional area
(CSA,yg), pharyngeal minimum cross-sectional area (CSAp;,), velopharyngeal minimum cross-sectional area (CSAvyp) and ratio between CSAyp and CSA,y,.
Mean values and standard deviations for the control group, for the OSA group and overall are indicated, as well as the p-values of Student’s unpaired t-tests

comparing the OSA and control groups.

Subjeet S BMI AHI Lr  CSA,, CSAn, CSAyp CSAyp/CSAy,
[years] [kg.m™2] [events.h™!]  [mm] [mm?] [mm?] [mm?] [-]

Cl1 54 26.9 6.9 109.4 2299 119.8 125.0 0.54
C2 66 26.7 0.6 95.1 193.2 82.7 119.0 0.62
C3 37 31.3 1.1 94.3 187.6 87.3 99.9 0.53
C4 38 21.1 0.4 79.0 249.1 171.9 171.9 0.69
C5 65 26.6 1.6 93.0 273.5 125.9 125.9 0.46
C6 70 25.5 7.7 105.3 498.3 278.2 286.2 0.57
C7 61 23.6 3.3 90.1 335.6 208.1 208.1 0.62
C8 69 25.6 1.6 92.2 235.1 68.0 123.0 0.52
Cc9 65 29.2 1.7 96.2 275.6 144.6 144.6 0.52
control 58.3 26.3 2.8 95.0 275.3 143.0 156.0 0.56
group + 12.7 + 29 + 2.7 + 87 +£950 =+ 676 <+ 58.7 +0.07
Al 49 30.9 33.6 101.6 196.1 86.1 86.1 0.44
A2 43 42.8 107.6 101.8 228.8 138.5 138.5 0.61
A3 66 28.8 15.0 95.0 208.5 83.8 83.8 0.40
A4 76 26.1 48.4 99.6 304.5 194.2 194.2 0.64
AS 67 34.5 38.1 74.8 216.0 96.8 96.8 0.45
A6 53 28.7 40.3 92.8 324.4 58.0 58.0 0.18
A7 61 20.6 30.0 102.0 372.6 145.6 145.6 0.39
A8 49 239 72.1 91.4 179.5 64.9 64.9 0.36
A9 68 30.5 28.8 96.9 205.6 100.7 103.0 0.50
OSA 59.1 29.6 46.0 95.1 248.5 107.6 107.9 0.44
group + 11.1  + 64 + 279 + 86 + 677 =+ 438 + 438 +0.14
overall 58.7 28.0 24.4 95.0 261.9 125.3 131.9 0.50
+ 11.6 + 5.1 + 294 + 84 + 812 +£ 582 =+ 560 +0.12
p-value  0.8916 0.1740 0.0003 0.9766  0.4995 0.2068  0.0664 0.0260

ing lighting artifacts, were excluded from the analysis. Each
frame was associated with a distance from the nares along the
catheter and temporally aligned with the respiratory cycle (ap-
proximately 10 frames per period).

2.3. Airway geometry reconstruction

In order to build a 3-D model of the airway geometry dur-
ing inspiration from each subject’s aOCT dataset, between 10
and 20 cross-sectional images acquired at the end of inhala-
tion (corresponding to a peak in the pneumography signal)
were selected manually. These frames were chosen to obtain
an accurate cross-sectional representation of important land-
marks within the airway from the nasal septum to the upper
esophageal sphincter.

The contour of the airway was estimated automatically from
each selected frame using classical image processing tech-
niques (noise attenuation, binarization, closing and opening,
and thinning) and a spline interpolation of the extracted pix-
els in the local coordinates system (2-D plane perpendicular to
the catheter).

During the aOCT measurements, the distance of the probe
from the nares along the catheter was recorded but the exact
location of the catheter within the airway was not known. In
order to transform the local coordinates of the extracted airway
contours in global 3-D coordinates, as shown in Fig. 2, a stan-
dardized probe path was estimated by assuming that the catheter

remained rigid once taped in position at the external nares and
held in place by contraction of esophageal muscle. The esti-
mation of this generic probe path was based on other aOCT
datasets for which the catheter location was obtained using a
CT scan (Lucey et al., 2010), and defined with the following
assumptions:

o the plane of the first extracted cross-section at the nasal
end of the airway formed an angle of 75° with the x-z
plane,

e the plane of the last extracted cross-section at the
esophageal end of the airway was parallel to the x-z plane,

o the angle that formed the plane of the other extracted
cross-sections with the x-z plane decreased quadratically
as a function of the distance of the probe from the nares
along the catheter, between the first and the last cross-
sections,

o the catheter was fixed in the z-direction.

Preliminary analyses showed the weak impact of the probe path
estimation on the main flow quantities of interest, which varied
less than 5% when the assumptions were changed within the
limits of realistic geometric configurations.

The wall of the pharynx between the nasal septum and the
esophageal sphincter was obtained with a cubic spline interpo-
lation of the surface from the extracted cross-sectional contours
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Figure 2: 3-D reconstruction of the airway geometry of subject C1 from the
estimated probe path and the contours extracted from the normal cross-sectional
aOCT frames selected.

in the global coordinate system. The barycenters of the interpo-
lated cross-sections formed the airway centerline that was used
to estimate the length of the pharynx Lp and to analyze the pro-
files of the flow properties along the pharynx.

2.4. Airflow simulation

Flow-field computations were carried out assuming a quasi-
static flow in the pharynx since during quiet breathing, the air-
flow timescale is much shorter than that of the breathing cycle.
Therefore, a static pressure-driven flow during inspiration was
simulated for all subjects. These simulations were made us-
ing OpenFOAM software (Open CFD Ltd, 2011) with a finite-
volume discretization of the steady RANS equations. The k-
w Shear-Stress Transport (SST) turbulence model was used to
solve the equations with the SIMPLE algorithm. Mihaescu
et al. (2008) have suggested that an unsteady LES approach
should be preferred to compute the flow-field within the airway
in order to obtain more accurate predictions of important flow
features such as flow separation. However, the k-w SST model
was chosen in this study not only because the assumption of a
quasi-steady flow was made but also because this model is ap-
propriate to flows with curvature and adverse pressure gradients
(Wilcox, 1993), and has been shown to be a good predictor of
experimental measurements of wall pressure in a patient airway
geometry (Mylavarapu et al., 2009).
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Figure 3: 3-D view of the reconstructed pharyngeal wall for subject C1 showing
the value of the cross-sectional area (CSA) along the surface of the pharynx
and the extensions at the inlet and outlet. The location of the cross-section of
minimum area in the velopharynx is also indicated.

As shown in Fig. 3, extensions were added to the recon-
structed pharyngeal geometries at the inlet, on the nasal end
of the pharynx, and at the outlet, on the esophageal end of the
pharynx. These extensions allowed the application of bound-
ary conditions further from the reconstructed pharyngeal re-
gion to simulate more realistic flow in the region of interest in
this study. The inlet extension was a tube of which the cross-
sectional shape was interpolated between a circle of 15 mm ra-
dius and the first cross-section of the reconstructed pharynx,
and thus formed a converging channel. The outlet extension
was a tube of which the cross-sectional shape was interpolated
between the last cross-section of the reconstructed pharynx and
a circle of 7.5 mm radius, corresponding to the typical internal
radius of the trachea (Herman, 2008). The 50 mm length of the
extensions was adapted according to the length of the recon-
structed pharynges in order to obtain a constant length between
the inlet and the outlet for all subjects. Thus, exactly the same
boundary conditions were applied for all the simulated flow-
fields. A static pressure pinec = 0 Pa was specified at the inlet
and a static pressure pouer = —10 Pa was specified at the outlet
(the relevance of the imposed pressure difference is discussed
in Section 3.2). A no-slip boundary condition was applied at
the walls.

The spatial discretization of the flow domain was made with
an unstructured tetrahedral mesh. Smaller elements were de-
fined near the walls to capture the boundary layer effects and in
the regions of rapid changes in flow properties. The resulting
total number of elements was between 2 and 2.5 million de-
pending on the subject. Several preliminary simulations carried
out using different mesh densities showed that the number of
elements was sufficient to consider the obtained results as grid-
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Figure 4: Comparison of the cross-sectional area profiles along the phar-
ynx between control (top) and OSA (bottom) subjects. The values of cross-
sectional area (CSA) are normalized by the minimum cross-sectional area in
the velopharynx (CSAvyp). The distance equal to O corresponds to the location
of the cross-section of minimum area in the velopharynx (cf. Fig. 3).

independent. This was also confirmed by the maximum values
of dimensionless wall distance (y* < 1 overall, as reported in
Table 2).

3. Results and discussion

For all subjects, geometric and flow characteristics were only
analyzed in the section corresponding to the reconstructed phar-
ynx, as shown in Fig. 3. Characteristics in the inlet and outlet
extensions were omitted. Student’s unpaired #-tests were used
to compare several geometric and flow properties between the
OSA and control groups (p-values are reported in Table 1 and
Table 2). The significance level chosen was p-value < 0.05.

3.1. Geometric characteristics of the pharynges

The shape of the reconstructed pharynges was smoother
than that of the real morphological pharynges and the re-
constructed pharyngeal geometries were therefore consid-
ered as anatomically-derived geometric models rather than
anatomically-correct ones. While recognizing the estimation
of the probe path and the interpolation of the cross-sectional
contours and the pharyngeal wall surfaces, we contend that
the reconstructed pharynges in this study were reliable approx-
imations of each subject’s real pharyngeal geometry. Since

the same reconstruction process was applied to each subject
dataset, the comparative approach underpinning this study al-
lowed the effects of the approximations to be neglected in the
analysis of the results.

From Table 1, it can be seen that the total length of the re-
constructed pharynx Lp was similar for all subjects. Likewise,
all pharyngeal geometries were characterized by two constric-
tions located in the velopharyngeal and retrolingual (in the hy-
popharynx, approximately 40 mm downstream of the velophar-
ynx) regions, as shown in Fig. 4. While the average cross-
sectional area (CSA,y;) was only slightly lower for the OSA
group than for the control group, it was clear from the cross-
sectional area profiles that the velopharynx formed the most se-
vere constriction within the whole pharynx for OSA subjects
(CSAyp = CSAnin, except for subject A9) (Arens et al., 2005;
Walsh et al., 2008). By contrast, for five of the nine subjects of
the control group, the most severe constriction was located in
the hypopharynx (CSAyp > CSA for subjects Cl1, C2, C3,
C6 and C8).

The ratio CSAyp/CSA,,, denoting the severity of the
velopharyngeal constriction, was significantly reduced in the
OSA group (0.44 + 0.14) relative to controls (0.56 + 0.07)
(p-value = 0.026). However, the difference between the two
groups remained relatively small and two OSA subjects had
ratios above the overall mean value of 0.50 while one control
subject had a ratio below this value. It was therefore difficult
to make a very clear distinction between OSA and control sub-
jects based upon simple geometric features of the reconstructed
pharynges (Vos et al., 2010).

3.2. Flow-field characteristics

Flow simulations of the 3-D flow-field within the recon-
structed pharynx were conducted for all subjects and the main
flow characteristics are summarized in Table 2. For all the
cases, the flow was pressure-driven with the same constant pres-
sure difference of APy, = —10 Pa across the pharynx. There-
fore, the flow-rate Q for each subject depended only on the ge-
ometric configuration of the pharynx. The range of obtained
flow-rates was relatively wide (12.6-33.5 1.min™") but the over-
all average value of 22.2 1.min~! corresponded to a typical flow-
rate during quiet breathing. Similarly, the range of resulting
Reynolds numbers (1474-2462), based on mean flow velocity
and hydraulic diameter at the cross-section of minimum area in
the velopharynx, and defined as:

QO 4CSAyp 40

= = l
VCSAVP CSPVP ( )

R 9
¢ v CSPVP

where CSPyp denotes the perimeter of the cross-section of min-
imum area in the velopharynx and v the kinematic viscosity of
air (1.52x107 m?.s7!), corresponded to that observed during
quiet breathing (Van Hirtum et al., 2007; Nicolaou and Zaki,
2013). The total pharyngeal resistance:

APtol — Pinlet — Poutlet
0 0

Rior = @



Table 2: Characteristics of the flow field simulated for each subject: flow-rate (Q), Reynolds number (Re, c¢f. Eq. 1), maximum velocity magnitude (Upnax),
maximum dimensionless wall distance (Y, ), minimum pressure (pmin), average pressure on the surface of the pharynx downstream of the velopharynx (Pyp.ayg),
total pharyngeal resistance (R, ¢f. Eq. 2) and ratio between the average pressure drop in the velopharynx (APyp, ¢f. Table 3) and the total pressure drop across
the pharynx (AP). Mean values and standard deviations for the control group, for the OSA group and overall are indicated, as well as the p-values of Student’s

unpaired 7-tests comparing the OSA and control groups.

Subject Q Re Unmax y;ax Pmin PVP-avg Rt APVP/APIQL
[1.min~'] [-] [m.s™'] [-] [Pa] [Pa] [cmH20.s.17"] [-]

C1 21.4 1882 39 0.5 -11.9 =17 0.29 0.65
C2 17.2 2121 4.9 0.8 -17.7 -7.2 0.36 0.48
C3 15.1 1956 4.8 1.1 -19.0 -71.5 0.41 0.53
C4 26.9 2049 4.2 0.6 -13.2 -5.7 0.23 0.50
C5 24.9 2188 4.0 0.6 -12.7 -7.7 0.25 0.86
C6 33.5 1739 3.7 0.3 -10.2 33 0.18 0.24
C7 32.5 2238 3.8 0.4 -10.2 -5.2 0.19 0.50
C8 15.2 1871 4.6 1.0 -17.4 -6.1 0.40 0.35
Cc9 28.3 2424 4.2 0.5 -12.2 -71.7 0.22 0.78
control 23.9 2052 4.2 0.6 -13.8 -6.5 0.28 0.54
group + 7.1 +213 +£04 <+ 03 =+ 33 =+15 + 0.09 +0.19
Al 18.5 2032 4.3 0.7 -13.6 -9.7 0.33 0.97
A2 25.6 2013 4.7 0.7 -18.9 -8.3 0.24 0.95
A3 16.6 2091 4.7 0.8 -16.9 9.1 0.37 0.83
A4 31.6 1920 3.7 0.3 -11.3 -5.5 0.19 0.56
A5 21.3 2462 4.4 0.8 -14.5 -8.5 0.29 0.98
A6 12.6 1474 4.3 1.0 -14.2 9.4 0.48 1.01
A7 26.4 2133 4.0 0.5 -11.4 -8.3 0.23 0.85
A8 13.7 1743 4.4 0.8 -12.1 -10.0 0.45 1.05
A9 19.2 2013 4.7 1.0 -20.3 9.3 0.32 0.86
OSA 20.6 1987 4.4 0.7 -14.8 -8.7 0.32 0.90
group + 6.2 +271 03 =+ 02 =+ 32 +13 + 0.10 +0.15
overall 22.2 2019 4.3 0.7 -14.3 -7.6 0.30 0.72
+ 6.7 +239 +04 + 02 =+ 32 <+ 1.8 + 0.09 +0.25
p-value 0.3134 0.5790 0.5164 0.4917 0.5317 0.0045 0.3400 0.0005

gave values in the range 0.18-0.48 cmH20.s.1"!, which ap-
peared to be low compared to most values reported in the liter-
ature (Herman, 2008; White et al., 1985; Tamisier et al., 2000).
However, these values were meaningful for the measurement
conditions (awake subjects breathing normally via the nose)
and when considering that only a portion of the pharynges was
reconstructed (Fitzpatrick et al., 2003). Moreover, the values of
maximum velocity magnitude Uy, in the range 3.7-4.9 m.s™!,
aligned well with those reported in other computational studies
on quiet breathing with both anatomically-correct (Mihaescu
et al., 2008; Nicolaou and Zaki, 2013) and idealized (Cui and
Gutheil, 2011) airway geometries.

The flow characteristics Q, Re, Upax, Rior and the minimum
pressure ppi, observed in the simulated flow-fields did not ap-
pear to be significantly different for OSA and control subjects
(p-value > 0.3). By contrast, a very obvious distinction be-
tween the two groups emerged from the pressure profiles along
the pharynx, as shown in Fig. 5. This figure presents the varia-

tion of the normalized pressure:
*x _ P — Poutlet
p - —
Pinlet — Poutlet

3

along the centerline of each reconstructed pharynx. The pres-
sure profiles for the control group were characterized by a grad-
ual pressure decrease or by two pressure drops, one in the

velopharynx and one in the hypopharynx, whereas for the OSA
group, the pressure profiles were characterized by only one
main pressure drop in the velopharynx. The severity of the
velopharyngeal constriction in subjects with OSA increased the
influence of the velopharynx on the total pressure drop across
the pharynx. As a consequence, the pressure downstream of the
velopharynx was closer to the outlet pressure and hence much
lower than that of control subjects. The effect of the severity of
the velopharyngeal constriction on the pressure along the cen-
terline applied also to the surface pressure on the pharyngeal
wall, as shown in Fig. 6.

3.3. Velopharyngeal pressure drop

Table 3 shows the pressure fields in the velopharynx at the
cross-section of minimum area (indicated in Fig. 3 and cor-
responding to the distance along the centerline equal to 0 in
Fig. 4 and 5). For all subjects, strong cross-flow pressure
gradients appeared in this region of the pharynx as has been
previously demonstrated by Lucey et al. (2010). The pressure
gradients were stronger for OSA subjects since the difference
between the mean values of the minimum and the maximum
pressures within the velopharynx was larger for the OSA group
(4.3 Pa) than for the control group (2.8 Pa). For most subjects,
the minimum pressure was located on the anterior side of the



Table 3: Pressure field (in Pa) in the velopharynx at the cross-section of minimum area (cf. Fig. 3 and 4) for all subjects. The anterior side of the velopharynx (soft
palate) is on the left. Mean values and standard deviations for the control group and the OSA group are also indicated.
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C3 C4

minimum (blue) -8.3 -6.8 -5.9 -6.6 9.2
maximum (red) -4.5 -3.6 -4.7 -4.0 -7.9
average (pyp) -6.5 -4.8 -5.3 -5.0 -8.6
Co6 C7 C8 Cc9
’ ' ‘ l control
group
minimum (blue) -6.7 -4.0 -10.5 6.9 +2.1
maximum (red) -3.2 -2.9 -4.3 4.1+ 1.7
average (pyp) -5.0 -3.5 -7.8 -54+19
A2 A3 A4 A5
minimum (blue) -12.0 -17.9 -10.2 -7.2 -12.8
maximum (red) -7.0 -6.9 -4.6 -7.8
average (pyp) 9.5 -8.3 -5.6 9.8
A7 A8 A9
group
minimum (blue) -12.6 -10.1 -11.7 -10.2 -11.6 £ 2.9
maximum (red) -8.5 -6.6 9.3 -1.7 -73+1.3
average (pyp) -10.1 -8.5 -10.5 -8.6 9.0+1.5

velopharynx. This contributed to a stronger suction force on
the surface of the soft palate. However, the variety of shapes of
the velopharyngeal constriction and of the pharynx upstream of
this constriction made the cross-sectional pressure distribution
very different from one individual to another. Also, due to the
inertial forces in the flow, the acceleration in the velopharynx
and the separation downstream of the velopharynx, the pres-

sure in the velopharyngeal constriction became locally lower
than poyger = —10 Pa for most OSA subjects. For subjects A6
and A8, the cross-sectional average pressure pyp also became
lower than poyget- In the same way, the pressure in some parts
of the pharynx downstream of the velopharynx became lower
than the outlet pressure (p* < 0), as seen in Fig. 5.

Thus, the clearest criterion to distinguish the two groups of
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Figure 5: Comparison of the normalized pressure (cf. Eq. 3) profiles along the
pharynx between control (top) and OSA (bottom) subjects. The distance equal
to 0 corresponds to the location of the cross-section of minimum area in the
velopharynx (cf. Fig. 3).
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Figure 6: Pressure on the pharyngeal wall surface for subjects C1 (left) and A1
(right).

subjects remained the average pressure drop in the velophar-
ynx APyp = Pinlet — PVP (Cf Table 2 and 3), -54 = 1.9 Pa
for the control group compared to -9.0 + 1.5 Pa for the OSA
group (p-value = 0.0005). The impact of the velopharynx on
the total pressure drop across the pharynx could be estimated
from the ratio between APyp and APy,. Figure 7 plots this
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Figure 7: Ratio between the velopharyngeal pressure drop (APyp) and the total
pressure drop across the pharynx (APyy) as a function of the ratio between
the minimum cross-sectional area in the velopharynx (CSAyp) and the average
cross-sectional area of the airway (CSA,yg). The values CSAyp/CSA,yg = 0.5
(dash-dotted line) and APyp /APy = 0.8 (dashed line) are also indicated.
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Figure 8: Average pressure on the surface of the pharynx downstream of the
velopharynx (Pyp.avg) as a function of the ratio between the minimum cross-
sectional area in the velopharynx (CSAvyp) and the average cross-sectional area
of the airway (CSA,yg). The inlet pressure (solid line), the outlet pressure
(dashed line) and the value Pyp.avg = —8 Pa (dash-dotted line) are also indi-
cated.

ratio for all subjects as a function of the ratio CSAyp/CSA,ye
(Van Holsbeke et al., 2011). A high degree of separation ap-
peared between OSA and control subjects, who for the most
part, fell either side of the values CSAyp/CSA,,, = 0.5 and
APyp/APy; = 0.8. These qualitative thresholds strongly indi-
cated that OSA subjects could be identified from the combina-
tion of geometric and flow parameters associated with their air-
way. However, further large scale statistical analyses would be
necessary to refine the value of such thresholds and to provide
relevant quantitative cursors for OSA detection. Nevertheless,
the hypothesis that wakeful upper airway flow characteristics
would more accurately distinguish OSA individuals was sup-
ported, since there was a highly significant difference between
the ratios APyp/APyy for the OSA and control groups (0.90 +
0.15 and 0.54 + 0.19 respectively, p-value = 0.0005).

The main consequence of the high velopharyngeal pressure
drop was the presence of a lower pressure field downstream of



the velopharynx. Figure 8 plots the average pressure on the sur-
face of the pharynx downstream of the velopharynx Pyp.aye as a
function of CSAyp/CSA,y,. For the eight of the nine OSA sub-
jects with APyp/APy > 0.8, the average surface pressure was
Pyp.avg < —8 Pa, which corresponded to Pyp.avg > 0.8 poudet-
Therefore, the low surface pressure obtained for the OSA group
(—8.7 + 1.3 Pa compared to —6.5 + 1.5 Pa for the control group,
p-value = 0.0045) indicated a stronger suction force exerted on
the pharyngeal wall within and downstream of the velopharynx,
and hence the proneness of the airway of subjects with OSA to
collapse.

4. Conclusions

Comparison of the shape and size of the pharynx of sub-
jects with and without OSA, reconstructed from aOCT datasets,
showed that the velopharynx was the most constricted part of
the pharyngeal airway for most individuals and particularly for
individuals with OSA. Despite observing differences in pharyn-
geal geometries between a group of OSA subjects and a group
of control subjects, there were not geometric measurements that
allowed a clear distinction between the two groups. Steady flow
simulation during inspiration using 3-D geometric models of
pharynx revealed flow features that allowed subjects with OSA
to be differentiated from control subjects. For the group of sub-
jects with OSA, the pressure drop induced by the severity of
the velopharyngeal constriction represented more than 80% of
the total pressure drop across the pharynx and led to a lower
surface pressure on the pharyngeal wall, which made the air-
way more prone to collapse. The ratio between velopharyngeal
and total pharyngeal pressure drops emerged as a relevant flow-
based criterion to differentiate subjects with OSA from control
subjects.

The results obtained in this study suggest that individuals
with OSA can be identified even when they are awake and
breathing normally. Thus, establishing a set of simple flow-
based criteria might be useful for assisting in the diagnosis and
the treatment of OSA. In this regard, flow simulation using ge-
ometries reconstructed from airway tomography could be de-
veloped into a quick and convenient process to detect OSA (a
complete aOCT pullback scan can take less than a minute (Jing
etal., 2012) and is made while the subject is awake). Variations
of flow-based parameters in an artificially deformed patient air-
way model could also be used to determine whether an available
surgical procedure was beneficial in terms of airway flow.
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