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Abstract

Obstructive sleep apnea syndrome is one of the most common sleep disorders. To treat patients 

with this health problem, it is important to detect the severity of this syndrome and occlusion sites 

in each patient. The goal of this study is to test the hypothesis that the cure of obstructive sleep 

apnea syndrome by maxillomandibular advancement surgery can be predicted by analyzing the 

effect of anatomical airway changes on the pressure effort required for normal breathing using a 

high-fidelity, 3-D numerical model. The employed numerical model consists of: 1) 3-D upper 

airway geometry construction from patient-specific computed tomographic scans using an image 

segmentation technique, 2) mixed-element mesh generation of the numerically constructed airway 

geometry for discretizing the domain of interest, and 3) computational fluid dynamics simulations 

for predicting the flow field within the airway and the degree of severity of breathing obstruction. 

In the present study, both laminar and turbulent flow simulations were performed to predict the 

flow field in the upper airway of the selected patients before and after maxillomandibular 

advancement surgery. Patients of different body mass indices were also studied to assess their 

effects. The numerical results were analyzed to evaluate the pressure gradient along the upper 

airway. The magnitude of the pressure gradient is regarded as the pressure effort required for 

breathing, and the extent of reduction of the pressure effort is taken to measure the success of the 

surgery. The description of the employed numerical model, numerical results from simulations of 

various patients, and suggestion for future work are detailed in this paper.
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1 Introduction

The epidemiological data indicate that obstructive sleep apnea syndrome (OSAS), an 

important public health problem, is second only to asthma in the prevalence league table of 

chronic respiratory disorders [53]. There is increasing evidence that OSAS is associated with 

a considerable number of adverse sequelae, both behavioral and physical. Behavioral 

consequences include daytime sleepiness, impaired concentration, and neuro-psychological 

dysfunction, whereas physical consequences include cardiovascular disorders, particularly 

hypertension. Population-based studies [46] reveal that two percent of women and four 

percent of men over the age of 50 have symptomatic obstructive sleep apnea. Furthermore, 

approximately 1 in 5 adults has at least mild OSAS and 1 in 15 adults has OSAS of 

moderate or worse severity [54]. The prevalence of OSAS increases with age, with a 2- to 3-

fold higher prevalence in older persons (≥ 65 years) compared with those in their middle age 

(30–64 years) [54].

There are various surgical procedures currently being considered for treating OSAS, such as 

maxillomandibular advancement (MMA) surgery [51], uvu-lopalatopharyngoplasty, laser 

midline glossectomy and lingualplasty, inferior sagittal mandibular osteotomy, and 

genioglossal advancement with hyoid my-otomy and suspension. In this paper, particular 

attention is given to MMA, in which the mandible and maxilla are cut and both palate and 

tongue are moved in the anterior direction, and thus providing maximal enlargement of the 

retrolingual airway and some expansion of the retropalatal airway. The objective of all 

surgical choices to increase the space of the breathing airway and to improve of the 

respiratory disturbance index (RDI), which is the simplest single parameter to identify 

abnormal breathing [51]. Prior to surgery, nocturnal assessment of respiratory and sleep 

parameters is essential for a proper evaluation of existing sleep-related breathing disorders 

[36]. In particular, full cardio-respiratory polysomnography allows physicians to determine 

whether nocturnal respiratory disturbances are associated with upper airway obstruction or 

are central in nature. In the treatment of OSAS, it is especially important to identify the 

severity of OSAS based on the RDI and the site of obstruction in each patient. Many studies 

[11][31][42] have attempted to assess and predict physical pathologies and the outcome of 

different treatments for OSAS. To enable such assessment and prediction with high 

accuracy, high-fidelity imaging techniques are necessary for acquiring the three-dimensional 

(3-D) detailed upper airway geometry of patients before and after the surgery. There are 

various upper airway imaging modalities [11][31][42][35][43][13], including 

nasopharyngoscopy, cephalometrics, Computed Tomography (CT), and Magnetic 

Resonance Imaging (MRI), which have been used to study the effects of respiration, weight 

loss, dental appliances, and surgery on the upper airway. The MRI and CT data allow 

quantification of the airway and surrounding soft tissue structures in 3-D. Although 

contemporary imaging studies provide significant insight into the structure and function of 

Cheng et al. Page 2

Math Comput Simul. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the upper airway, it is nevertheless still difficult to predict the physiological changes of the 

upper airway needed in treating each patient with OSAS, to plan the proper surgery, and to 

assess the outcome of the treatment [14][29][41][47]. Therefore, better diagnostic and 

planning methods must be developed to improve surgical outcomes. We will demonstrate 

that high-fidelity numerical simulations can be used 1) to construct 3-D airway models from 

the patient-specific CT image data, 2) to analyze the effect of anatomical airway changes on 

the pressure effort required for normal breathing, and 3) to correlate the airway space change 

to MMA treatment in OSAS patients.

With advances in computer hardware and maturity of numerical methodologies in solving 

various engineering problems, computational simulations of biofluids and biomechanics, 

which include 3-D flow in human nasal cavities and/or upper airways [52][19][33][55][32], 

have become more popular in the last decade. However, these numerical studies are limited 

to steady-state simulations of airflow through a rigid upper airway. This limitation can be 

caused by the inability of the employed numerical solver in handling the fluid-structure 

interaction and/or by the lack of time-dependent airway geometries either from imaging data 

or numerical models of the flexible tissue. Despite some computational fluid dynamics 

(CFD) studies being conducted to analyze the upper airway of patients with OSAS, most of 

the studies simulated either pre-operative or postoperative airway configurations or 

examined very few sample cases. To test our hypotheses, many cases need to be studied to 

achieve adequate statistical sampling, such as patients with different severity of OSAS, age 

groups, and body mass indices (BMIs). To avoid the effect of unwanted interference on the 

scans of the upper airway volume and the breathing effort, the patient must maintain the 

same head position and cannot have a completely closed airway when the CT images of pre- 

and post-operative upper airways are taken so that the surgical effect can be evaluated 

properly. These requirements lead to a stringent screening process in selecting appropriate 

test cases. Furthermore, there are several technical barriers that must be overcome before 

CFD simulations can be used for daily clinical evaluation. These barriers include: 1) the pre-

processing step for CFD simulations, such as geometry construction and mesh generation of 

human airways which are geometrically complex, and 2) capturing the underlying complex 

flow physics, such as the effects of turbulence and/or transition, and moving boundaries of a 

flexible airway, with high-fidelity CFD simulations. Although some open-source or 

commercial software tools (e.g., [1][2]) can be used, the extraction of the upper airway from 

clinically-used, relatively-coarse image data is difficult and cannot be done automatically 

mostly because of the complexity of the nasal cavity. In addition, extraction methods have to 

be used in the correct order with parameters in a certain range [15]. Hence, the geometry 

construction process can be very time-consuming and prone to error. In addition, the spatial 

resolution and quality of the medical images, as well as the ambiguity of soft tissues in 

determining the boundary between the flow domain and the airway, can cause some 

uncertainties in constructing the airway geometry. To obtain numerical solutions of high 

accuracy, it is important for CFD simulations to have meshes of high quality. However, 

generating a high-quality mesh for a human airway, while maintaining its geometric fidelity, 

is still a challenging task. Our previous efforts in resolving the issues associated with 

geometry and mesh generation of the human upper airway were discussed earlier [15] and is 

briefly summarized in Section 2 for completeness. For numerical simulations, the CFD 
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solvers employed need to be able to handle the complex airway geometry with ease and 

accurately capture vortices and flow separation induced within the airway without excessive 

numerical damping. The CFD solvers used in this study have been well validated and 

verified with benchmark test data and applied to various flow problems. The details of the 

CFD solvers will be described in Section 2. In addition, the airflow in the upper airway 

consists of laminar, turbulent, and transition flow regimes due to low to moderate Reynolds 

numbers and rough surfaces of the airway interior wall. For example, the air flow in the 

nasal cavity has very low speed due to large cross-sectional areas and is expected to be 

laminar. As the air enters the airway behind the uvula region, the flow speeds up 

substantially and is more random (including swirling and recirculation) in some cases, an 

indication of possible flow transition. The speed of air further increases as it passes through 

the closest narrowing of the velopharynx and subsequently emerges as a turbulent jet 

entering the downstream laryngeal airway. Some of the aforementioned flow features can be 

observed in the plots of streamline traces presented in Section 3. Though several models 

have been proposed to account for the effect of turbulence transition and relaminarization, 

there is no reliable and universal model to date [9]. Hence, in the present study, both laminar 

and turbulent flow simulations were conducted for all the cases analyzed to provide the 

lower and upper bounds of the breathing effort. In total, ten cases, including different age 

groups, BMIs, and severity of airway obstruction, were selected and analyzed to evaluate the 

pressure effort required for breathing, which is taken as the measure of the success of the 

MMA surgery.

2 Numerical Approaches

In the present study, the airway is assumed to be rigid because there is no time-dependent, 

patient-specific airway geometry available either from the CT data or numerical models of 

the flexible tissue. Since the flow speed in the upper airway is very low, the air is assumed 

to be incompressible. A set of governing equations used to model the transport phenomena 

of air flow through the upper airway includes continuity and Navier-Stokes equations, which 

are solved to satisfy the conservation of mass and momentum. The set of governing 

equations written in the vector form can be expressed as:

(1)

(2)

where  and .

ρ is the fluid density, μ is the fluid viscosity, p is the pressure, V⃗ is the mean velocity vector, 

S⃗ is the vector source/sink term of the momentum equation,  is the viscous stress tensor, 

is the unit tensor, δiδj are the dyadic products, δij is the kronecker delta, t is the time, ∇ is the 

vector differential operator, and the superscript T denote the transpose of a tensor. Two in-
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house CFD flow solvers are employed to solve an integral form of the above governing 

equations: a pressure-based flow solver (the UNIC code [4][44][6]), and a density-based 

flow solver (the HYB3D code [26][28]). Numerical simulations performed with the UNIC 

code assume the air flow is turbulent, whereas the flow is treated as laminar for those 

conducted with the HYB3D code. The numerical results obtained from these two CFD 

solvers with different numerical approaches and models (pressure-based vs. density-based 

and turbulent vs. laminar) can be used to verify one another since there is no experimental 

data available for validation. The descriptions of the numerical methodologies used by both 

CFD solvers are detailed in the following. The numerical approaches used for generating the 

geometry and mesh of anatomical airways are also briefly described herein.

2.1 UNIC code

To account for the turbulence effect, a time-averaging technique is applied to the 

aforementioned governing equations and results in the Reynolds-averaged continuity and 

Navier-Stokes equations, which are almost identical to Eqs. (1)–(2), except that in the new 

set of governing equations, the velocity components and pressure are time-mean quantities, 

and

where  represents the sum of the viscous and Reynolds stress tensors, k is the turbulence 

kinetic energy, and μt is the eddy viscosity. It can be seen that extra unknowns are 

introduced from the Reynolds averaging process. An extended k-ε turbulence model [5] is 

used to close the system of equations. In this model, two additional governing equations are 

solved, which are shown below.

(3)

(4)

where  and .

ε is the turbulence dissipation rate and σk, σε, Cμ, C1, C2, and C3 are the modeling constants 

[5]. The extended k-ε model implemented in UNIC has been validated in simulating 

turbulent flow problems that have similar flow characteristics to the upper airway flow, such 

as flow over a backward-facing step, curved pipe and channel flows, and swirling flow [4]

[5][7][8]. In the present study, a modified wall function approach [30][50] is employed to 

provide wall boundary layer solutions that are less sensitive to the near-wall grid spacing.
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In order to handle problems with complex geometries, the UNIC code employs a cell-

centered unstructured finite volume method [44][6] to solve for the governing equations in 

the curvilinear coordinates, in which the primary variables are the time-averaged velocity 

components, pressure, turbulence kinetic energy, and turbulence dissipation. A predictor and 

multi-corrector pressure-based solution algorithm [20][34] is employed in the UNIC code to 

couple the set of governing equations such that both compressible and incompressible flows 

can be solved in a unified framework without using artificial compressibility or a pre-

conditioning method. The employed predictor-corrector solution method [4] is based on the 

modified pressure-velocity coupling approach of the SIMPLE-type [34] algorithm which 

includes the compressibility effects and is applicable to flows at all speeds. In this approach, 

the continuity equation is modified to link pressure changes to velocity gradients and density 

changes, which can be written as

(5)

where the superscripts n, n + 1, and * denote the value of flow variables at the previous, 

current, and immediate time steps, p′ and V⃗′ are the pressure correction and correction of 

velocity vectors, Dp is the inverse of the matrix of the coefficients of the convective terms in 

the finite difference form of the momentum equations, and γ and a are the ratio of specific 

heats and the speed of sound of the working fluid. For the incompressible fluid flow, βp is 

set to be zero since the magnitude of sonic speed is much larger than the value of pressure 

corrections.

A second-order central-difference scheme is employed to discretize the diffusion fluxes and 

source terms. For the convection terms, a second-order multidimensional linear 

reconstruction approach, suggested by Barth and Jespersen [3], is used in the cell 

reconstruction to evaluate fluxes at the cell face based on the cell-centered solution. To 

enhance the temporal accuracy, a second-order dual-time sub-iteration method is used for 

time-marching computations. A pressure damping term by Rhie and Chow [38] is applied to 

the mass flux at the cell interface to avoid the even-odd decoupling of velocity and pressure 

fields. All of the discretized governing equations are solved using the preconditioned Bi-

CGSTAB [48] matrix solver, except the pressure-correction equation which has an option to 

be solved using a GMRES [40] matrix solver when the matrix is ill-conditioned. An 

algebraic multi-grid (AMG) solver [37] is included such that users can activate it to improve 

the convergence, if desired. In order to efficiently simulate problems involving a large 

number of meshes, the UNIC code employs parallel computing with domain decomposition, 

where exchange of data between processors is done using Message Passing Interface (MPI) 

[12]. Domain decomposition (partitioning the computational domain into several sub-

domains handled by different computer processors) can be accomplished by using METIS 

[21] or a native partitioning routine in the UNIC code [6].
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2.2 HYB3D code

The artificial compressibility formulation of the Navier-Stokes equation is taken as the 

governing equation for the air flow through upper airway. The integral form of this equation 

can be taken as [45]:

(6)

where Ω is the control volume, ∂Ω is the control surface, n⃗ is the outward pointing unit 

normal to the control surface with nx, ny and nz as the components along x, y, and z 

directions respectively, ds is the elemental control surface, and dV is the elemental volume. 

The solution, inviscid flux, and viscous flux vectors are defined as 

 and 

, 

respectively. β is the artificial compressibility parameter is taken as 15, u, v, and w are the 

velocity components in the x, y, and z directions, respectively, θ is the velocity normal to the 

control surface and is defined as unx + vny + wnz, τij is the viscous stress along the i 

direction in a plane perpendicular to the j direction, and p is the pressure.

The governing equations given in Eq. (6) are solved using a cell-centered finite volume 

scheme based on generalized meshes. The convective flux at the cell-faces is calculated 

using Roe’s approximate Riemann solver [39]. Second order spatial accuracy in the 

discretization of the governing equations is achieved using a linear reconstruction of the 

flow variables, and limiter functions are employed to preserve the monotonicity [3][49]. The 

discretized form of the governing equations are solved in a parallel framework using MPI 

[12] for inter processor communication and METIS [21] to decompose the domain into 

multiple regions. More details on the numerical approach and validation are reported in [26]

[28][27][25][23][24][22][10].

2.3 Numerical Geometry and Mesh

Details of the reconstruction of upper airway geometric models as hybrid meshes from 

clinically-used CT data sets are described in [15]. The outcomes of the paper are 

summarized here. The geometry extraction and manipulation process are the most time-

consuming and labor-intensive because of the low-resolution CT data sets compared to the 

complex human nasal cavity structure. Two important selection criteria for OSAS cases are 

discussed to create two reasonable pre- and postoperative upper airway models for every 

case. First, an airway can be very narrow at the pharynx, but should not be closed for 

calculating pressure efforts. Many OSAS patients have airway collapse at the end of 

exhalation when supine in the CT scanner. Second, each patient’s head position should be 

similar in the pre- and postsurgical CT data sets. Two airway models need to be created 

from the data sets to evaluate the surgical effect. If the head position is changed, the airway 

geometries are also changed, which will affect CFD results.
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To extract patient-specific airway geometries from CT data, the open-source libraries, 

Insight Segmentation and Registration Toolkit [1] and Visualization Toolkit [2], are used. 

CT data is provided as a series of two dimensional axial slices through a subject. The slice 

thickness varies from 1.25 to 3.00 mm in each CT data set, but most are 2.50 mm thick. 

However, the nasal cavity, part of the upper airway geometry that is needed to develop the 

flow properly before it reaches the pharynx, is geometrically complex. The CT data slice 

thickness of 2.5 mm is insufficient to represent all of the details of the morphology of the 

nasal cavity and to automatically separate it from the sinuses. Two upper airway geometries, 

before and after the MMA surgery, are needed for each patient in order to evaluate the 

surgical effect. However, for a given patient, the nasal cavity configuration before surgery 

can be significantly different from that after surgery due to an unintentional effect of MMA 

surgery [15]. Therefore, in order to exclude the effect of nasal cavity change, the 

postoperative nasal cavity is superimposed on the preoperative upper airway model for each 

patient so that the air flows entering the pre- and postoperative pharynx are similar.

Once the geometry extraction and manipulation process is finished, an in-house grid 

generator is used to create 3-D hybrid volume meshes for the geometries. The employed grid 

generator is called the Mixed-Element Grid Generator in 3D (MEGG3D), developed by Ito 

et al. [18][17][16], which is a discrete surface-based unstructured surface and volume mesh 

generator with mesh modification and mesh quality improvement tools. The generated 

hybrid meshes, consisting of tetrahedra, prisms, and pyramids, of the upper airway for one 

of the test cases is shown in Figure 1.

3 Results and Discussions

In this study, we were able to obtain 10 mild-to-severe OSAS cases (RDI greater than 40) 

from a large pool of patients with different degrees of surgical improvement. These 10 

selected cases also meet the aforementioned criteria for CFD simulations, such as same head 

position for both pre- and postoperative airway image scanning and no complete airway 

obstruction caused by holding the breath. These 10 cases are labeled Case 1, 5, 6, 12, 13, 15, 

18, 19, 23, and 25. For each case, both pre- and postoperative upper airways were simulated 

to assess the MMA surgical effect. The 3-D numerical geometry and meshes for the pre- and 

postoperative MMA of Case 1 are shown in Figure 1 as an illustration. It should be noted 

that a short upstream section was added to the computational domain so that the effect of air 

entrance to the nostril could be included. In addition, a straight section of the airway (with a 

length of roughly ten times the airway exit diameter) was artificially added to the 

downstream of the computational domain so that the occurrence of flow reversal at the exit 

plan could be avoided. In our numerical simulations, a normal air volume flow rate of 700 

ml/s (an averaged volume of air for one normal inspiration cycle for adults) was used to 

calculate the speed of air entering the nose, and an inlet air pressure was set to be ambient 

pressure (1 atm). The pressure effort (ΔP) is used as a measure to assess the surgical 

outcome. ΔP is defined as the difference between the pressure at different locations along 

the airway and that at the cross-section with the base plane through the hard palate, the A0 

plane shown in Figs. 1(a) and (c), and required to counter airflow resistance. It is anticipated 

that with the same amount of air inspired, the upper airway of postoperative MMA requires 

less pressure effort (i.e. less resistance) than that of the preoperative MMA due to increase in 
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the airway dimension (diameter and volume). The increase of the airway volume is a 

response to MMA surgery. Specifically, the region around the base of the tongue has the 

most increase. MMA surgery helps sleep apnea patients breathe easier (i.e. with less effort to 

breathe). For the numerical calculations with the UNIC code, the mass flow rate was 

specified and fixed at the inlet boundary, and the condition of mass flow rate conservation 

was imposed at the exit boundary so that the pressure at the exit plane is calculated as an 

unknown. Whereas, the air velocity was specified and fixed at the inlet boundary, the 

pressure was specified at the exit boundary, and the pressure at the inlet plane was 

calculated as an unknown in numerical simulations with the HYB3D code. Since the air was 

assumed to be incompressible (fixed inlet mass flow rate is equivalent to fixed inlet 

velocity), these two sets of boundary conditions have the same mathematical implication for 

the pressure effort.

A grid sensitivity analysis was performed for the preoperative airway of Case 1 to determine 

the appropriate grid spacing for all cases simulated in the present study. Four meshes in 

different sizes were used in this grid study: coarse (117k nodes), baseline (164k nodes), finer 

(206k nodes), and finest (253k nodes). The pressure efforts along the preoperative upper 

airway computed using these 4 meshes are compared in Fig. 2. It can be seen that the results 

of the baseline, finer, and finest grids are almost identical. Hence, the baseline mesh is 

selected for the Case 1 preoperative airway, and the numerical mesh employed for other 

cases varies with the size of the airway so that the grid spacing of each mesh is similar to the 

baseline mesh. Overall, the number of cells for each mesh ranges from 290k to 620k, and the 

number of nodes varies from 110k to 200k. Parallel computing with eight to twelve 

processors are used to perform numerical simulations of each case depending on the 

employed mesh size.

The pressure efforts along the pre- and postoperative upper airways of the selected 10 cases 

predicted by laminar and turbulent flow simulations are compared in Fig. 3. Several 

common characteristics can be observed in Fig. 3: i) higher degrees of airway obstruction 

require more pressure efforts to inspire the normal amount of air, ii) the pressure effort for 

patients with OSAS before the MMA surgery are larger than those after the surgery (except 

Case 25), iii) the extent of pressure effort reduction depends on the severity of airway 

obstruction and the increase of airway space and volume from the surgery, and iv) pressure 

efforts calculated from turbulent flow simulations are generally larger than those from 

laminar flow simulations (except the pre-operative airway of Case 19) due to additional air 

resistance induced by the turbulence effect. Figure 4, which plots the results of Case 1 as an 

example, demonstrates the general trend that the pressure effort decreases (i.e. easiness of 

breathing) as the airway cross-sectional area increases. The comparison of all simulated 

cases is also summarized in Table 1, which contains the BMI, the RDI obtained from 

breathing tests before and after the MMA procedure, and the cross-sectional area at different 

locations along the axial direction of the airway for each patient. In Table 1, the shaded cells 

are used to identify the maximum pressure effort calculated for pre- and postoperative 

airways of each patient. To help illustrate the surgical effect, the relationship between the 

percentage change of maximum pressure effort, i.e. (ΔPmax,post–op − ΔPmax,pre–op) / 

ΔPmax,pre–op, and the percentage change of minimum airway cross-sectional area, i.e. 
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(Amin,post–op − Amin,pre–op) / Amin,pre–op, for all ten cases is plotted in Fig. 5. The percentage 

change of RDI versus the percentage change of minimum airway cross-sectional area is also 

shown in Fig. 5. A few things should be noted before interpreting this figure. First, 

Amin,pre–op and Amin,post–op are the minimum airway areas among the selected cross-sections 

listed in Table 1 for a given patient before and after the surgery, respectively. Hence, they 

are used for qualitative assessment only and may not represent the exact minimum cross-

sectional area for the entire upper airway since the selected locations may not coincide with 

the narrowest airway (but should be very close). The positive value of area change indicates 

that the narrowest airway after the surgery has a larger cross-sectional area than that before 

the surgery, which is the expected surgical outcome. As mentioned earlier, the CT image is 

an instant measurement, and thus the airway cross-sectional area extracted from it is very 

sensitive to the breathing condition and stage during imaging. For example, in this study 

there are two cases with negative area change (i.e., area decrease), which are believed to be 

caused by inconsistent breathing conditions before and after the surgery at the instance of 

CT imaging. Since the change of the maximum pressure effort is directly computed from 

CFD simulations of numerical airway models, its value should also be regarded as 

instantaneous. Whereas, the RDI is an average of measured parameters during sleep over a 

period of time, and thus is less sensitive to the breathing stage and condition. Lastly, the 

negative value of maximum pressure effort change represents the reduction of pressure 

efforts after the surgery. It can be seen from Fig. 5 that the reduction of maximum pressure 

effort increases asymptotically as the expansion of the narrowest airway increases, which is 

expected surgical outcome. Moreover, the degree of improvement of breathing efforts is 

almost the same when the increase of the minimum airway cross-sectional area exceeds 3 

fold. This can be very useful to physicians in planning the MMA procedure, but more 

studies are needed to gain more confidence about the range of this threshold. Physically, the 

relationship between the RDI change and the area change is expected to follow a similar 

trend as the pressure effort change. Unfortunately, this is not observed in Fig. 5 because RDI 

is an averaged quantity and may not be consistent with the instantaneous airway geometry as 

described earlier. Hence, in order to have a meaningfully compared against the RDI data, the 

time averaged results obtained from transient CFD simulations of flexible pre- and 

postoperative airways are required.

To demonstrate the flow characteristics in the upper airway, the numerical results of some 

cases (Cases 1, 5, 12, 13, 19 and 25) are plotted in Figs. 6–13, which show the contours of 

pressure efforts and shear stresses at the flow-airway interface and the streamline traces of 

the airflow through each upper airway. Colors used to indicate the magnitude of the pressure 

effort in centimeters of water range from red (lowest effort) to blue (highest effort). 

Whereas, for the shear stress contours (in N/m2), red indicates the largest friction and blue 

indicates the smallest friction. Overall, for a given patient, it can be seen that at the 

narrowest airway location the airflow has the highest velocity and the largest friction loss, 

which leads to highest pressure effort. As stated earlier, the numerical results of Case 25 

show that larger pressure efforts are required to inhale the same amount of air after the 

surgery than before the surgery, which is contradictory to the result of other cases. This is 

because the cross-sectional area of the postoperative airway is smaller than that of the pre-

operative one, as can be seen in Fig. 13. However, the test results show that the RDI of this 
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patient was improved from 110 to 26 as a result of the surgery. The trend of calculated 

pressure effort is consistent with the change of airway size, but is opposite to the test data of 

Case 25. It is suspected that the patient did not properly hold the breath during CT imaging, 

which yielded the pre- and postoperative airway geometry inconsistently. This shows a stiff 

constraint for case selection in numerical studies of rigid airways. In addition, it is observed 

that the pressure efforts for the preoperative airway of Case 19 predicted by laminar flow 

simulations are higher than those by turbulent flow simulations, which is not consistent with 

other results. The reason for this is that the flow reversal region of the laminar flow at the 

downstream of the narrowest airway passage is larger than that of the turbulent flow because 

the laminar flow has smaller momentum diffusion. This can be seen from the streamline 

traces shown in Fig. 12. A larger reversed flow region leads to a larger blockage effect for 

the laminar flow, and thus results in a larger pressure effort. Plots of other numerical results 

are very similar to those shown in Figs. 6–11, and thus are not included.

4 Conclusions

The numerical results demonstrate that the computational framework (including geometry 

and mesh generation and CFD simulations) developed in this study is capable of 

qualitatively predicting both the effect of airway obstruction on the breathing effort and the 

surgical effect on improving pressure efforts. Though the present study is limited to steady-

state, rigid airway simulations, it proves our hypothesis and serves as a proof-of-concept 

investigation for future studies. Due to the severe constraints on airway selection, 

simulations of a larger number of cases cannot be performed to achieve better statistical 

sampling. Furthermore, this study shows non-uniform pressure loads on the airway, which 

lead to different degrees of airway deformation. In addition, the extent of airway 

deformation is also affected by the flexibility of the airway tissue, which varies among each 

individual, and in return alters the air pressure distribution. The comparison of our numerical 

results with the patient-specific RDI test data also reveals the inadequacy of steady-state, 

rigid airway simulation. The complex behavior of the elastic airway imposes three critical 

technical challenges on the numerical study of the surgical effect on patients with OSAS: 1) 

the need for a numerical framework to account for the fluid-structure interaction effect, in 

which local pressure loads on the airway and the airway geometry dynamically affect each 

other, 2) a numerical model developed from the patient-specific tissue property or empirical 

correlation to determine the extent of tissue deformation based on variation of local pressure 

load, and 3) acquiring hysteresis of the pressure effort or air volume flow rate during tidal 

breathings to provide appropriate boundary conditions for unsteady flow simulations. This 

work is a preliminary study for exploring the feasibility of applying high-fidelity CFD 

simulations to assess the surgical effect on the breathing effort of OSAS patients. Further 

development of numerical models to simulate unsteady flow phenomena in a flexible airway 

is necessary so that their numerical results can meaningfully help physicians to plan the 

appropriate medical procedure for treating patients with OSAS.
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Fig. 1. 
Comparison of geometries and cross-sectional meshes for Case 1: (a, b) pre-and (c, d) 

postoperative airways.
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Fig. 2. 
Comparison of pressure effort distributions along the preoperative upper airway of Case 1 

computed using different grid resolutions.
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Fig. 3. 
Comparison of pressure effort distributions along the pre- and postoperative upper airways.
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Fig. 4. 
Comparison of pressure effort vs. cross-sectional area of pre- and postoperative upper 

airways (Case 1).
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Fig. 5. 
Change of max. pressure effort vs. change of min. cross-sectional area between pre- and 

postoperative upper airways.
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Fig. 6. 
Pressure effort contours of air in the (a) pre- and (b) postoperative upper airways (Case 1, 

turbulent flow).
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Fig. 7. 
Streamlines (colored by pressure efforts) of air flowing through the (a) pre-and (b) 

postoperative upper airways (Case 1, turbulent flow).
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Fig. 8. 
Pressure effort and shear stress contours of air in the (a, b) pre- and (c, d) postoperative 

upper airways (Case 5, turbulent flow).
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Fig. 9. 
Pressure effort contours of air in the (a) pre- and (b) postoperative upper airways (Case 12, 

turbulent flow).
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Fig. 10. 
Streamlines (colored by pressure efforts) of air flowing through the (a) pre-and (b) 

postoperative upper airways (Case 12, turbulent flow).
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Fig. 11. 
Pressure effort and shear stress contours of air in the (a, b) pre- and (c, d) postoperative 

upper airways (Case 13, turbulent flow).
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Fig. 12. 
Pressure effort contours and streamline traces of air predicted by (a, b) laminar and (c, d) 

turbulent simulations (Case 19, preoperative).
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Fig. 13. 
Pressure effort contours and streamline traces of air in the (a, b) pre- and (c, d) postoperative 

upper airways (Case 25, turbulent flow).
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