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Abstract

Objective—To establish the feasibility of a noninvasive method to identify pharyngeal airflow
characteristics in sleep-disordered breathing.

Methods—TFour patients with sleep-disordered breathing who underwent surgery or used positive
airway pressure devices and four normal healthy controls were studied. Three-dimensional CT
imaging and computational fluid dynamics modeling with standard steady-state numerical
formulation were used to characterize pharyngeal airflow behavior in normals and pre-and post-
treatment in patients. Dynamic flow simulations using an unsteady approach were performed in
one patient.

Results—The pre-treatment pharyngeal airway below the minimum cross-sectional area
obstruction site showed airflow separation. This generated recirculation airflow regions and
enhanced turbulence zones where vortices developed. This interaction induced large fluctuations
in airflow variables and increased aerodynamic forces acting on the pharyngeal wall. At post-
treatment, for the same volumetric flow rate, airflow field instabilities vanished and airflow
characteristics improved. Mean maximum airflow velocity during inspiration reduced from
18.3+5.7 meters/second pre-treatment to 6.3+4.5 meters/second post-treatment (p=0.002), leading
to a reduction in maximum wall shear stress from 4.8+1.7 Pascals pre-treatment to 0.9+1.0 Pascals
post-treatment (p=0.01). The airway resistance improved from 4.3+1.4 Pascals/Liter/minute at pre-
treatment to 0.7+0.7 Pascals/Liter/minute at post-treatment (p=0.004). Post-treatment airflow
characteristics were not different from normal controls (all p=0.39).

"Request for reprints: Corresponding Author: Nelson Powell MD, DDS, FACS, 6 Knoll Vista, Atherton, CA 94027,
nelsonpowell@sbcglobal.net, Phone (650) 328-0511.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Powell et al.

Page 2

Conclusion—This study demonstrates that pharyngeal airflow variables may be derived from
CT imaging and computational fluid dynamics modeling, resulting in high quality visualizations
of airflow characteristics of axial velocity, static pressure and wall shear stress, in sleep-disordered

breathing.
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Introduction

Methods

Subjects

Sleep-disordered breathing (SDB) is a disorder of disrupted upper airway airflow during
sleep, due to anatomic constrictions and sleep-related collapsibility. Management of SDB
has historically focused on treatment of the anatomic upper airway?. Little attention has
been given to airflow characteristics of the pharyngeal airway in SDB which might have
localized airflow and tissue effects that could be future targets of therapy.

Investigators have previously suggested that tissue vibration and snoring may cause damage
to the soft tissues, vessels and nerves?4 which in turn may exacerbate SDB. Although the
metrics of vibration and snoring have been studied, they seldom have been correlated with
airflow effects, which may play a role in airway collapsibility. Our overarching question is
“Do the pattern and characteristics of pharyngeal airway airflow have an important role in
the etiology of SDB?” Our immediate question for this feasibility study is, “Can pharyngeal
airflow be objectively evaluated?” This proof of concept and feasibility study was designed
utilizing Computed Tomography (CT) and Computational Fluid Dynamics (CFD)
modeling®”’.

CFD has been increasingly used to assess upper airway anatomy and airflow, and to explore
virtual reality surgery in SDB812. However, seldom has CFD been specifically applied to
distinguish between pharyngeal airflow characteristics at pre and post-treatment conditions.
CFD and imaging metrics permit spacial visualization of the three-dimensional (3D) airflow
in the upper airway. Within the generated virtual airway model airflow data are calculated
from which variables of interest such as flow axial velocity, static pressure, wall shear stress
(WSS), and airway resistance can then be extracted. The purpose of this feasibility study
was to demonstrate the use of this noninvasive approach to model pharyngeal airflow and
airway characteristics in normal controls and SDB patients before and after treatment.
Future studies may use these techniques to test hypotheses about sleep-related airway
collapsibility and the effects of therapy in SDB.

Control subjects were selected prospectively from normal healthy people who reported no
snoring or excessive daytime sleepiness (Table 1). The patients were selected retrospectively
from subjects with moderate or severe SDB. They were successfully treated with either
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maxillo-mandibular advancement (MMA) surgery or positive airway pressure (PAP) therapy.
Both MMA patients had previously undergone Phase 1 surgery (uvulopalatopharyngoplasty
and genioglossus advancement), but still had moderate or severe SDB prior to MMA as
shown by the polysomnography (PSG) characteristics in Table 2. The pre and post-treatment
data were collected as part of our standard work-up and follow-up. The study period was
from May 2008 to January 2010. Each participant provided informed consent. The usage of
de-identified data for research was approved by the Stanford University Institutional Review
Board.

Polysomnography

Clinical evaluation and attended overnight PSG were part of the pre and post-treatment
evaluations for the SDB subjects. PSG included the following variables:
electroencephalogram (4 derivations), electro-occulogram (2 derivations), chin and leg
electromyogram, electrocardiogram modified V2 lead, finger plethysmography, body
position, neck microphone, nasal cannula pressure transducer, oral thermistor, uncalibrated
inductive plethysmography thoracic and abdominal bands, pulse oximetry, and
transcutaneous carbon dioxide. PSG results are listed in Table 2.

Functional imaging and airway reconstruction

All SDB patients underwent pre and post-treatment 3D-CT imaging using a NewTom 3G
Cone Beam CT scanner with an average 6.5 seconds exposure time at end expiratory
breathing while lying supine and awake in a neutral head (Frankfort plane) position. The
average energy used: 110 Kilovolt peak (KVP), between 6-11 milliampers (MA) varies
based on patient size. For all four controls the 3D-CT imaging and CFD airway modeling
were applied using the same study protocol as for the SDB patients. Patients treated with
PAP used their equipment at the prescribed pressures and bypassing ramping. The 12” scan
was formatted at 0.4 millimeters slice thickness. Pre and post-treatment models were
reconstructed from the level of the nasal choanae (top-face of the computational domain) to
the base of the epiglottis (bottom-face of the computational domain) using the CTs and the
medical-imaging-software MIMICS® (Materialise, Belgium). The procedure involved
grouping voxels in the Hounsfield Units (HU) range of interest (* —1000HU) into a mask
from which, by surface triangulation the raw 3D model was generated. This was then
exported into a remesher where the individual faces of the airway (i.e. top, bottom, and wall
surfaces) were demarcated and the mesh quality at the surfaces was improved. Using the
CFD pre-processor GAMBIT (Ansys®, USA) the unstructured tri/tetrahedral hybrid mesh
within the airway volume was constructed. The maximum edge length for the mesh used in
all RANS calculations is 0.0005m. The maximum edge length for the mesh used in LES
calculations is 0.00035m and 0.0005m for Pre-op and Post-op cases, respectively. The
maximum edge length for meshes used in LES calculations is based on the estimated Taylor
micro-scale computed for the flow conditions investigated. Figure 1 shows the pre and post-
treatment CT scans and reconstructed airway models for subject #5 (MMA).

Pharyngeal airflow modeling

The commercial CFD software FLUENT (Ansys®, USA) was used to solve the flow
governing equations and to calculate the distributions of the flow variables (velocity,
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pressure, and wall shear stress) in each of the generated pharyngeal airway models. Within
the CFD framework the steady-state Reynolds Averaged Navier-Stokes (RANS) with
correspondent turbulence closures is the most popular formulation used to model respiratory
flows13-16, With adequate tuning of the empirical constants RANS can provide accurate time
averaged data for a particular flow field’. It is robust and rapid but only in terms of time-
averaged quantities but cannot predict the flow field dynamics. However, it allows a fast
screening of the airway models to obtain valuable mean data about airflow and airway
resistance. The steady-state RANS formulation with the k-w shear stress transport (SST)
turbulence model8 was applied for all subjects, being preferred to other models due to its
superiority both in the treatment of the viscous near-wall region and in its accounting for the
effects of adverse pressure gradientl7. 18

An increased level of detail and accuracy for unsteady, separated or vortical turbulent flows
are provided by the more complex and time-intensive use of the unsteady Large Eddy
Simulation (LES) approach®. The LES was used only as a single “trial” for subject #5to
calculate the inspiratory and expiratory pharyngeal flows and to compare to the RANS
parameters. The purpose was to examine the feasibility, the quality and the level of detail of
the flow data and the unique features associated with LES. The computational time for
running a RANS simulation on a single processor was up to eight hours, while an unsteady
LES calculation took approximately ten days. Hence, the LES was applied only to subject
#5.

Numerical methods and boundary conditions

Results

The incompressible flow governing equations were discretized on the computational domain
using second-order finite-volume schemes. For the time integration, a second-order implicit
scheme was employed. The coupling between the velocity and pressure fields was realized
using the SIMPLE algorithm?°. The WALE Subgrid-Scale model was used with the LES
calculations. The boundary conditions consisted in axial velocity specification at the inlet
plane to match the desired volumetric flux, no-slip boundary conditions for velocity at the
airway wall, and a flux-conserving zero-gradient condition at the outlet surface of the
computational domain.

Two different validation studies”22 were completed by our group to show that the CFD
formulations used here (i.e. RANS with k- SST model and LES approach) are the most
suitable to be used when analyzing upper respiratory airflows. Both studies showed very
good agreements between computational and experimental data in terms of wall static
pressures and flow velocities as presented in Appendix A.

Steady-state flow simulations

The RANS k-w SST formulation was used to simulate airflows for all subjects, including
pre-treatment and post-treatment for SDB patients, during both inspiration and expiration
phases at peak flow rates of 30 liters per minute (L/min).The obtained data in terms of
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maximum velocity, WSS, minimum wall static pressure, and pharyngeal airway resistance
are summarized in Table 3.

Contours of the axial velocity (m/sec), wall static pressure (Pascal), and WSS (Pascal) for
pre and post-treatment conditions during inspiration are shown for subject #5 in Figures 2
and 3 respectively.

For pre-treatment conditions (Figure 2) the flow accelerated at zone 2 where the
crosssectional area (CSA) was at a minimum. Downstream of it the velocity decelerated
corresponding to the increased airway CSA. The flow also separated from the wall,
producing a jet that impinged on the anterior airway downstream of zone 3, but above the tip
of the epiglottis (zone 4). A recirculation region (negative velocities) was formed on the
anterior wall of the airway (zone 3) below the minimum CSA. A second acceleration of the
flow occurred near zone 4, where the retroflexed epiglottis became a constriction point.
These complex flow patterns appear, in part, to result from the anterior wall shape with
abrupt changes in CSA that induced flow separation.

The regions with the high axial velocities, zones 2 & 4 in Figure 2 were characterized by the
largest negative wall static pressure values of =134 Pascals (Pa) and —160 (Pa) respectively.
The location where the jet impinged on the wall experienced increased pressure. Maximum
WSS values were observed at zones 2 & 4 due to the higher velocity and the increased
friction between the flow and the airway lumen at these regions. Increased shear was also
apparent at the location where the jet impinged on the anterior wall between zones 3 & 4.
The distribution of velocity, pressure, and shear stress at each cross section was not uniform
around the circumference of the airway.

For the post-treatment condition, Figure 3, the overall increase in the airway CSA
corresponded to a decrease in the magnitude of the flow velocity when compared with the
pre-treatment case. The removal of abrupt cross-sectional changes, in particular between
zones 1 & 4, yielded smoother flow without the severe separation from the walls. The flow
started accelerating only at the tip of the epiglottis (downstream of zone 4) where the CSA
was reduced. The maximum velocity reached post-treatment was approximately 5m/sec
compared to 13.3m/sec for the pre-treatment case. The post-treatment wall static pressure
minimum in the retropalatal region was only —9Pa compared to the pre-treatment value of
—134Pa. This is important since the induced negative wall static pressure loads caused at the
regions with flow acceleration lead to forces of adduction which if large enough may
predispose airway to collapse. The maximum WSS value was reduced by 70% post-
treatment.

The large variations in the pre-treatment flow variables as compared with the post-treatment
ones are also emphasized in Figure 4. The data are presented in terms of maximum velocity
magnitude along the pharyngeal airway length (z), with wall static pressure and shear stress
distributions along the anterior wall in the mid-sagittal plane of the airway model. Similar
observations were made for the other SDB subjects (Table 3).
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Treatment outcome evaluation

LES results

Comparisons of pertinent flow parameters (maximum velocity, WSS, minimum wall static
pressure and airway resistance) are presented for each control subject and patient (pre and
post-treatment) in Table 3. Post-treatment values were significantly improved compared to
pre-treatment in the treated SDB patients (all p<0.028), and post-treatment values were in
average similar to the normal control subject values (all p>0.39). The resistance of the
airway is defined as (R=AP/Q), with the pressure drop (AP) in Pascals and the flow rate (Q)
in L/min. The computed airway resistances were significantly improved after treatment, both
during inspiration and expiration (both p<0.02). This was in agreement with the fact that the
treatments resulted in an increase of the pharyngeal airway volume by 120£70%. Moreover,
the increase in cross-sectional area of the retro-palatal post-treatment leaded to significant
increase of the wall static pressures at the maximum narrowing. Accordingly, the
aerodynamic forces generated at pre-treatment by the negative wall pressure loads that could
potentially lead to airway collapse are drastically reduced after treatment. Significant
reductions of maximum WSS values were found as well. These airflow improvements are in
agreement with the corresponded PSG findings after treatment.

To capture the airflow dynamics along the pharyngeal airway, the LES approach for subject
#5 demonstrate its potential advantages of using LES. The LES calculations were performed
for the peak inspiratory and expiratory flow rates of 30L/min for a period of roughly 50
flow-through times, achieving a converged solution at each time-step (At =0.000025sec).
Unlike the steady-state RANS computations, the LES results describe the dynamic variation
of the flow field as a function of time such that instantaneous flow field information is
available at any time instance. Snapshots of pre-treatment instantaneous axial velocity and
WSS values calculated at two different time instances during inspiration for subject #5 are
shown in Figures 5 and 6. The axial velocity (m/sec) distribution in Figure 5 presented in the
sagittal plane through the airway show that a jet is formed at the minimum CSA and at its
edges (shear layers) vortices are initiated by jet instabilities. These vortices are convected
downstream by the jet flow and are impinging on the anterior airway wall. In the second
time instance shown, the jet is deflected away from the anterior wall towards the posterior
side. These instabilities in the flow field observed between zones 3 and 4 occur over 400
times per second as shown in Appendix B. The jet flow separated from the airway wall
immediately downstream of the minimum CSA, generating a strong recirculation zone at the
space between the jet and the anterior airway wall. The dynamics of this recirculation bubble
can be observed by following the movement of the negative velocity region from the first to
the second time-frame in Figure 5. These fluctuations in the motion of the recirculation
bubble occur over 30 times per second (Appendix B).

Because of these two phenomena (flapping jet and recirculation) the aerodynamic forces
(pressure and shear) induced by the flow on the airway lumen at these locations fluctuate
and change from one time-instance to the other. This caused fluctuations in the WSS as
shown in Figure 6 particularly in the regions where the jet impinges on the wall and where
the flow recirculates.
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The time-averaged results obtained for subject #5 from LES were compared to the RANS
data as summarized for maximum velocity, WSS, static pressure, and airway resistance in
Table 4. While the maximum velocity results are comparable, the WSS and resistance are
different for some cases.

Discussion

This investigation based on functional imaging and CFD was performed to observe airflow
patterns in normal controls and SDB patients at pre and post-treatment. The results
demonstrated that flow patterns and flow variables can be successfully determined in the
pharyngeal airway by the use of CFD modeling. The pharyngeal airflow characteristics
(axial velocity, wall static pressure, and WSS) were quantified and as compared with the
pre-treatment state, a clear improvement in airway resistance after treatment was observed.
Moreover, the post-treatment flow characteristics appeared similar to normal controls and
were in agreement with the dramatic improvements seen in the post-treatment
polysomnography data.

Airway zones with reduced static pressure may be more susceptible to collapse. Increased
WSS and high frequency shear stress variations induced by jet impingement and reversed
flow may possibly lead to tissue irritation and progressive damage. High and low frequency
flow fluctuations at the airway wall due to jet flapping and recirculating separated flow that
were demonstrated by LES (Appendix B) are likely to induce vibrations in the compliant
airway lumen. The CFD methodology that is described here can be extended to calculate the
interaction between the flow and the compliant airway wall by including movement of the
airway wall due to pressure and shear stress forces that act on the wall. This improved
method is known as Fluid-Structure Interaction (FSI). It can provide, in addition to airflow,
pressure and WSS, also wall steady (collapsibility) and unsteady (vibrations) movement
characteristics. This methodology could clarify airflow mechanisms of tissue vibration and
snoring, and will enable investigation of tissue damage mechanisms in SDB. However, there
are very few published papers that utilized this approach for computational studies in the
upper airway.23-26 Most published work used either simplified or two-dimensional airway
models. The following are the main difficulties in employing this approach to the upper
airway: 1) Availability of reliable data on the mechanical properties of soft-tissues
surrounding the airway, such as Young modulus, Poisson’s ratio and density. The soft tissue
properties are patient specific and are sensitive to awake or sleep conditions; 2) The
reconstruction of soft tissue models surrounding the upper airway requires higher quality of
MR images compared to that which is needed for reconstructing 3D airway (flow domain)
models; 3) Discretization of three-dimensional flow and structure domains with perfect
interface matching on either side. We are currently working on developing the techniques
necessary for FSI.

Although our primary emphasis in this study was to evaluate characteristics of pharyngeal
airflow in the airway, we also wished to expand our understanding of how airflow in SDB
may interact with the airway walls. The following provides some aspects of this issue.
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Paulsen et al?” evaluated epithelial structural changes in SDB and reported progressive
structural and mucosal changes caused by snoring which the researchers reported could be a
factor in airway collapsibility. An interesting study by Wasserman et al?® reported that
vibration from daily power tools is seen in 8-10 million workers in America. Curry et al?
noted that damage was so prevalent in humans it was called the hand-arm vibration
syndrome (HAVS) and reported that vibration is known to cause neural and vascular
dysfunctions. They used a Sprague-Dawley rat-tail artery model and evaluated arterial
endothelial cells using electron microscopy and Laser Doppler surface recordings. Vibration
over a very short period caused a vasoconstriction with a decrease in blood perfusion and
subsequent damage to the arterial endothelium. Govindaraju et al30 later reported that
“continuous vibration invoked a persistent reduction in vascular lumen size”. They
postulated that patterns of vibration could influence the type of vibration injury. Although
these citations in animals are not airflow related they are clearly associated with vibration,
tissue alteration and damage. Lee et al3! evaluated heavy snoring as a cause of carotid artery
atherosclerosis independent of other risk factors. In Guilleminault et al32 long term CPAP
study, they found persistent neurological lesions despite treatment, which also raises a
question of the airflow effects of CPAP itself. Lee et al3! study on pharyngeal neuropathy
concurs with the Christian Guilleminault study.

It is plausible that unsteady airflows may result in vibration and snoring which may cause
high cycle tissue fatigue to the upper airway and exacerbate SDB. A recent investigation
published in Sleep in 2011 reported that tissue vibration may have a role in inducing carotid
artery endothelial dysfunction in SDB, Cho J, et al33

Discussion of Limitations

This feasibility study, although limited in numbers, has shown that pharyngeal airflow
characteristics can be identified using objective advanced imaging and CFD. Several other
limitations are noted in this study and are acknowledged. We recognize that there are
limitations in being awake which is different from being asleep and the abnormalities that
we note during wakefulness are those noted in “the best situation”. This is important as in
these “best situations” we were able to demonstrate abnormalities, such as those found in
pharyngeal airflow characteristics at baseline.

Since our subjects were awake and static we studied each supine with great attention to
place subjects in exactly the same head position using an equivalent of a cephaolstat, at
second study, and subjects were thus comparable to each other in both before and after
surgery. All imaging was done at a same time of day for each subject.

We also acknowledge the effects of neural compensatory reflexes as an important limitation
in our study. However, these issues have been previously studied in experimental conditions.
It is well known that when a patient presents with (AASM) defined OSA, even if with a low
AHI, compensatory mechanisms are impaired with impairment of local sensory
mechanisms. As shown by Dematteis et al3* there may be a gradient of impairment when
AHI is between 5 and 15 but impairment is already present at low AHI. Note that the
majority of studies including the one performed by Dematteis were performed on subjects
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that were awake. So some compensatory mechanisms may still be present in subjects with
low AHI, it is probable that all OSA patients have impairment of neural compensatory
mechanisms to a variable degree during wakefulness but no one to date has been able to
appropriately quantify the degree of impairment during wakefulness. Hence, all OSA
patients including ours, have impairment of neural compensatory mechanisms to a variable
degree during wakefulness that was shown in previous published studies (Frieberg et al2,
Dematteis et al34, Kimoff et al3®)

We further acknowledge that limitations of rigidity in imaging and modeling decrease the
value of movement and compliance of the soft tissues of the SDB pharynx. However, for our
investigation a non- collapsible modeling was only a modest underestimation step behind
dynamic modeling. As technology improves for measuring the airway dimensions awake or
asleep or the airflow dynamics of awake or sleep it should continue to improve our ability to
model the airway and airflow in SDB.

It is clear that neurological impairment is at the bases of OSA. There may be limitations in
this study concerning neurological impairments in the upper airway. However, in summary
there are currently over fourteen peer reviewed international articles that indicate the
presence of neural, vibratory and soft tissue impairment with local lesions in the upper
airway. Testing in most of these studies was performed while the patients were awake.
2-4,27-38 |t js important to indicate this neurological impairment in awake patients as our
study is performed on awake subjects.

The research was not designed or expected to answer the question of whether airflow in the
pharyngeal airway could result in airway tissue damage over time. However, inferentially,
this work suggests a possible relationship between pharyngeal airflow characteristics in
SDB, and a possible method for studying these relationships. We do not test these
hypotheses in this feasibility study, but we propose them as working hypotheses toward
future work.

Conclusion

This feasibility study supports the concept that flow modeling methods for pharyngeal
airway airflow in SDB may be used in understanding the complicated pathophysiology of
SDB. Further studies will be warranted to test the predictive value of these models on
treatment effects with surgery, PAP or oral appliances.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
SDB Patient #5: Pre-treatment and post-treatment CT sagittal views of the upper respiratory

tract together with side views of the reconstructed airway models at pre and post-treatment
conditions: pre-treatment CT image and pre-treatment reconstructed airway volume (left);
post-treatment CT image and post-treatment reconstructed airway volume (right). The
anatomical locations marked on the CT images with RP and RG refer to the retro-palatal and
retro-glossal regions, while zones 1, 2, 3, 4, and 5 refer to: 1- nasal choanae level (T is top
face of the computational domain); 2 - the minimum cross-sectional area (CSA) in the RP
region at pre-treatment condition; 3 - tip of uvula; 4 - tip of epiglottis; 5 - base of epiglottis
(B is bottom face of the computational domain).
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Figure 2.

SDB Patient #5: Pre-operative distributed contour values of three airflow variables, which
from left to right respectively are: mean axial velocity (m/sec); mean wall static pressure
(Pa) and wall shear stress (Pa). Calculations performed with steady-state RANS (k-w SST
model) during inspiration. The axial velocity field is shown inside the airway’s volume using
a sagittal mid-plane and ten cross-sectional planes. The numbering from 1 to 5 are area
zones as in Figure 1. The static pressure and shear stress distributions are presented on the
airway wall. The narrowest sites (behind the palate and epiglottis) correspond to the sites of
maximum velocity (red area), minimum static pressure (greatest negative pressure, blue
area), and maximum wall shear stress (red area). The coordinate system to the left of the
color bar is used for orientation purposes; z-axis in the direction of the flow and x-axis in the
anterior-posterior direction.
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Figure 3.
SDB Patient #5: Post-treatment distributed contour values of mean axial velocity (m/sec),

mean wall static pressure (Pa), and mean wall shear stress (Pa) as calculated with steady-
state RANS (k-w SST model) during inspiration. There is a more homogeneous distribution
of the wall static pressure and wall shear stress values as compared with the pre-treatment
case presented in Figure 2.
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Figure 4.
SDB Patient #5: Comparison of flow variables along the pharyngeal airway during

inspiration at pre and post-treatment conditions: maximum velocity magnitude (m/sec) along
the airway; wall static pressure (Pa) distribution along the anterior airway wall in the mid-
sagittal plane of the airway, and wall shear stress (Pa) distribution along the anterior airway
wall in the mid-sagittal plane of the airway. Data obtained with steady-state RANS (k-w
SST model). The zones 1 to 5 (see also Figure 1) are marked on the horizontal side views of
the pre and post-treatment pharyngeal airway models.
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SDB Patient #5: Pre-treatment instantaneous axial velocity distributions (m/sec) during
inspiration along a sagittal plane through the airway model as calculated by unsteady LES.
The data presented at two different time instances; the left two images compared to the right
two images. Zoomed in views of the velocity field along the airway segment just
downstream of the MCSA are shown for each time instance. The figure shows the dynamics

of the flow in the airway from one time instance to another.

Sleep Med. Author manuscript; available in PMC 2018 May 21.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Powell et al.

Page 17

2.2

0.9

0.4

nn

Time Instance 1 (t) || Time Instance 2 (t+At)

Top face

Inspiration
30 liter / minute

posterior

Yi)(

Bottom face

anterior

Figure®6.
SDB Patient #5: Pre-treatment instantaneous wall shear stress distributions (Pa) along the

airway model as calculated by unsteady LES during inspiration. The data are presented at
the same time instances shown in Figure 5. The data shows fluctuations in the wall shear
stress values from one time step (left) to the other (right) in the jet impingement region on
the anterior side of the airway wall.
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