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Abstract—Obstructive Sleep Apnea Syndrome (OSAS) is a 

common sleep disorder. It is characterized by repeated 

occlusion of upper airway and discontinuation of sleep. The 

breathing pauses and starts again with a loud snort. There may 

even be an abrupt interruption of sleep to maintain the patency 

of the airway. The pressure drop along the pharyngeal pathway 

should be a good indicator to show the severity of the 

pathological airways. Computational Fluid Dynamics (CFD) 

has become an important tool in investigating the internal flow 

dynamics of the respiratory system, especially for the upper 

airway. It provides a non–invasive environment for the analysis 

of the biological flow. Employing such technology, this study 

will provide insight for a male patient with severe OSAS. This 

patient also underwent surgical procedures to improve the size 

of the airway. 

The pre–operative and post–operative CT scans were 

reconstructed and converted to two patient–specific, 

three–dimensional models suitable for numerical simulations. 

The inhalation process was simulated using a constant volume 

flow rate, 0.3 liter per second (L s
-1

), at the nostrils for both 

cases. An index, the ‘resistance of the airway’, was defined as 

the pressure drop per unit flow rate to estimate the tendency of 

airway collapse. 

The pressure distribution from the velopharynx to 

hypopharynx was investigated. The pressure drops were 12.1 

Pascal (Pa) and 7.3 Pascal before and after surgical treatment 

respectively. The resistance of airway changed from 40 Pa s L
-1 

to 24 Pa s L
-1

, a 40% reduction. 

The results showed that the pressure drop along the upper 

airway was reduced significantly after the surgical procedure. 

This decreased the collapsibility of the airway and 

consequently improved the sleep quality. 

 

Index Terms—computational fluid dynamics, obstructive 

sleep apnea, patient specific model, upper airway 
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I. INTRODUCTION 

BSTRUCTIVE  Sleep Apnea Syndrome (OSAS) is a         

common sleep breathing disorder (SBD). It is 

characterized by repeated occlusion of the upper airway and 

discontinuation of sleep (Fig. 1). This leads to low respiratory 

rate (hypopnea) or suspension of breathing (apnea). Once the 

upper airway collapses (mostly occurs at the retroplatal and 

retroglossal regions), the respiratory effort increases. The 

breathing pauses and starts again with a loud snort. There 

may even be an abrupt interruption of sleep to maintain the 

patency of the airway [1]–[6].  

There is a serious and rapid increase in the incidence of the 

sleep disorder and related diseases. The prevalence of OSAS 

in Hong Kong is similar to that in the United States (4% in 

men, 2% in women) [5]–[6]. However, most of the people 

underestimated the consequences of the obstructive sleep 

apnea syndrome, 82–98% adults in the United States are 

underdiagnosed [3] & [7]. 

A. Risk Factors 

The major structures of the upper airway are the soft tissues 

and the skeleton. The dysfunction or deformities of them are 

the main constituents for the pathogenesis of OSAS. Obesity 

and craniofacial factors are two major contributed elements 

for OSAS.  The pharyngeal wall is elastic and expansible at 

which is free from the support of the cartilages. In the obese 

patients, the bulky pharyngeal tissues narrow the air 

pathway. The Asian groups are relatively less likely to be 

overweight than the Caucasian counterparts. The 

craniofacial parts then become a bigger contributor to the 

development of OSAS in this predominantly Chinese 

population [1].  

B.  Symptoms and Consequences 

Due to the morphological differences in the upper airways, 

most of the patients share some general signs and symptoms, 

such as loud snoring, excessive daytime sleepiness and 

morning headaches. The poor quality of sleep seriously 

affects the daily life and health conditions of the patients. The 

daytime fatigue and headache have a negative impact on the 

efficiency at the workplace. It has also been reported that 

OSAS patients are more likely to have motor vehicle 

accidents [3]. Earlier studies showed that the OSAS patients 

may have serious cardiovascular, pulmonary and neurologic 
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problems [2]. This disorder also increases the risk of stroke 

and death [2]–[4]. 

C. Treatments 

OSAS is a treatable form of sleep breathing disorder. The 

goals of treatments are to keep the airway open and to prevent 

the pause of breathing during sleep. Continuous positive 

airway pressure (CPAP) is the first–line, non–invasive 

treatment for most of the patients [3]–[4]. The PAP devices 

produce a pressurized airflow to the patient via a facial mask 

during sleep.  

For severe cases, invasive surgical procedures may be 

carried out.  In our work, mandibular distraction was 

performed on a severe OSAS patient. The distraction is a 

method to increase the length of the lower jaw bone as well as 

the size of the pharyngeal airway. 

D. Literature Review 

 Employing the computational fluid dynamics (CFD) 

technique on the study of obstructive sleep apnea syndrome is 

a very new aspect in biomedical engineering. In 2006, Xu 

reported a CFD investigation of the airflow in the upper 

airways of six subjects [8]. After his work, several authors 

discussed the effect of the inspiration rate on the 

aerodynamics of the upper airway [9]–[10]. Another group of 

researchers described the effectiveness of the mandibular 

advancing surgery with maxillomandibular advancement 

[11]–[14]. Although some of them published a large scale 

study of the OSAS patients using mandibular repositioning 

appliances, there is still a research gap for the patients who 

have undergone the mandibular distraction. 

Computational fluid dynamics proves to be a convenient 

and reliable tool for simulating the internal flow dynamics of 

the respiratory system [8]–[16]. CFD gives a prediction on 

the pressure distribution, flow velocities, and other physical 

properties. We built patient–specific, three–dimensional 

models in order to analyze the flow dynamics inside the 

pharynx without complicated in vivo experiments. 

The main objective of this study is to analyze the 

morphological changes, the pressure distribution and the 

airway resistance of a severe OSAS patient, before and after 

the surgical procedure, by CFD. 

 

 
Fig. 1 The diagram shows the difference on the airflow 

between a normal airway and an obstructed airway.  

II. METHODS 

Computational fluid dynamics is a widely used tool for the 

prediction of the biological flow in the respiratory system. 

Using similar methodology in the previous literatures, the 

three–dimensional patient–specific models were 

reconstructed and will be applied in the computation.  

High–resolution cone–beam Computerized Tomography 

(CBCT) images were obtained for the construction of the 

patient–specific models. The mesh and mathematical models 

were treated by sophisticated commercial software. The flow 

patterns and streamlines were simulated by CFD. 

Subsequently, the pressure distribution could then be 

analyzed. 

A. Patient Characteristics 

The patient under consideration is a 45–year–old Chinese 

man. The body mass index (BMI) is 21 kg m-2 which is 

classified as ‗Normal‘. He was diagnosed with severe 

Obstructive Sleep Apnea Syndrome, as well as severe 

mandibular hypoplasia due to condylar resorption, which 

means an unusually small size of the lower jaw. In order to 

improve the quality of sleep, the patient underwent the 

surgical intervention to lengthen the mandible and to expand 

the pharyngeal pathway. The procedure included the 

intraoral distraction of the mandible and bilateral condylar 

shaving. The pre– and post– operative CBCT data files were 

used for 3D reconstruction. The post–operative data was 

obtained on the sixth year after the surgical treatment. 

B. Patient-Specific Modeling  

There were totally 323 two–dimensional images in each 

case for the 3D model reconstruction of the mathematical 

models. Each image was separated by a 0.3 mm distance. The 

CT DICOM (Digital Imaging and Communications in 

Medicine) images were imported into commercial software 

(Mimics 13.0, Materialise, Belgium). The models included 

the nostrils, the nasal cavity, the nasopharynx, velopharynx, 

and oropharynx and ended below the epiglottis (Fig. 2). 

The reconstruction of the upper airway was based on the 

Hounsfield Units (HU) value, a measure of the electron 

density of the tissue, in the CT images. The HU value of air in 

the CT images ranged from -1000 to -500.  The 3D models 

were then smoothed and meshed in 3–matic (Materialise, 

Belgium), and finally exported for further analysis (Fig. 3). 

Volume meshing was generated with reference to the surface 

mesh using the package TGrid 5.0.6 (ANSYS, Canonsburg, 

USA). High quality, unstructured grids were created. There 

were totally 4.4 x 105 and 1.5 x 106 cells in the pre–operative 

and post–operative models respectively. Mesh independent 

test was taken.  
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Fig.2 Anatomy of the upper airway. The part of interest is 

highlighted.  

 

 

 

 
(a)              (b) 

 

Fig.3 The front view of the three–dimensional 

physiological models, (a) before surgical treatment, and (b) 

after surgical procedure. 

 

C. Boundary Conditions 

FLUENT 6.3.26 (ANSYS, Canonsburg, USA) was 

employed for the steady airflow simulation. The nostrils were 

defined as the location for velocity inlets, while the outlet 

boundary was situated just below the epiglottis. In previous 

literatures, the inspiration rates used were in a large range 

from 179 mL s-1 to 500 mL s-1 [10] & [13].  The velocities 

prescribed at the inlets were varied to match with the 

constant volume flow rate 300 mL s-1. The pressure was set to 

be zero Pascal (Pa) at the outlet to mimic the normal 

breathing during inhalation. No–slip boundary conditions 

were applied on the walls of the airway. The compliance of 

the airway was neglected. 

The governing equations of fluid motion were the usual 

continuity equation (conservation of mass), and the 

Navier–Stokes (NS) equations (rate of change of 

momentum). In tensor notations (repeated indices implying 

summation), the continuity equation is 
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Where  ρ = fluid density; ui (i=1,2,3) = components of 

velocity vector; τij = normal and shear stresses; p = pressure. 

In terms of material properties, the density of air was taken 

as 1.225 kg m–3, and the viscosity was assumed to be 1.789 x 

10-5 kg m–1 s–1. The Reynolds numbers at the inlets were 

around 1836 and 1614 for the pre–operative and 

post–operative models respectively. The Reynolds number 

still fell in the laminar regime. However, the cross–sectional 

area along the nasal airway was very small and the Reynolds 

number may fall into the turbulent region. The flow in the 

upper airway was assumed to be incompressible and 

turbulent. The low Reynolds number k – ε turbulent model 

was applied for the simulations. 

D. Resistance of Upper Airway 

The muscles of the pharyngeal airway relax during sleep. 

The local negative intraluminal pressure would result in 

collapse and obstruction of the airway. The focus of this study 

is on the pressure distribution as well as the pressure 

difference along the pharynx. We divided the pharynx, from 

the level of hard palate to the plane of outlet, into twenty–one 

transversal planes to investigate the change in pressure and 

the change in the size of the cross–sectional area. The 

computations would give a pressure difference (ΔP) for a 

flow rate (Q) inside the airway. The resistance of the airway 

(R) could then be determined using equation (3), using a 

principle similar to Ohm‘s law (resistance equals voltage 

divided by the current). 

Q

P
R


            (3) 

 

III. RESULTS 

Two cases, the pre–operation and post–operation 

configurations, of a severe OSAS patient were analyzed in 

this study. The main focus of the analysis was the region 

within the velopharynx, from the level of hard palate (Afirst) 

to the level of epiglottis (Outlet) (Fig. 4). Twenty–one planes 

were defined along this portion in order to investigate the 

pressure variation at different locations. The first plane, Afirst, 

was at the level of hard palate and the last plane was at the 

outlet, while the planes in between are equally spaced (Fig. 

4).  
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A. Morphology of Airway 

From the reconstructed physiological models, we can 

easily see the differences in the sizes of the airways. 

Three–dimensional expansion was noticed in the pharynx 

which may give a better environment for breathing (Figs. 3 & 

4). This expansion can be quantified by calculating the 

percentage of the stenosis of the pharynx. The plane with 

minimum area, Amin, was compared with the first plane, Afirst 

(Fig. 4). Figure 5 showed the variation of the cross–sectional 

area along the pharynx before and after the surgical 

procedure. The graph clearly showed that the dimensions of 

the airway were expanded successfully by the intra–oral 

mandibular distraction. The dimensions of the minimum 

areas were increased from 0.6 cm2 to 1.7 cm2. When 

comparing these values with the sizes at the level of hard 

palate, Afirst, the percentage of stenosis can be estimated by: 

%1001
min











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first
A

A
stenosisofPercentage

 

The percentage of stenosis improved from 80.5% to 49.0% 

after the surgical treatment (Table I).  

B. Airway Resistance 

During inhalation, the atmospheric pressure was higher 

than the pressure in the lungs. The pressure difference drove 

the inflow of air. Figure 6(a) showed the vector plots of 

velocity magnitude at the mid–sagittal plane of the 

pre–operative pharynx. The red color at the narrowest region 

represented a very high speed flow at 5.7 m s-1. While the 

vector plot of the post–operative model only showed a 

gradual change in the velocity (Fig. 6).  

According to the Bernoulli‘s Principle, for an inviscid 

fluid, an increase in the speed of the fluid occurs 

simultaneously with a decrease in pressure. The lowest 

pressure was illustrated at the narrowest part of the airway 

(Figs. 7 & 8). For an OSAS patient, a greater pressure was 

required for driving the air into the restricted airway. The 

local pressure reduced to a negative value and the minimum 

pressure was –6 Pascal (Pa) (Fig. 9). 

The pressure difference between the first and the 

twenty–first planes was 12.1 Pa. After the mandibular 

distraction, no negative pressure was recorded along the 

pharynx and only a gradual decrease in the pressure was 

resulted which was 7.3 Pa. With a constant volume flow rate, 

0.3 L s-1, the resistances were 40.2 Pa s L-1 and 24.3 Pa s L-1 

before and after treatment respectively (Table I).  

 

 

 

 

 

 

 

Amin 

Afirst 

Outlet 

Amin 

Afirst 

Outlet  
(a)                        (b) 

 

Fig. 4 The left view of the three–dimensional physiological models, (a) before surgical treatment, and (b) after surgical 

procedure. The definitions of Afirst, Amin, and outlet. 

 
A first 

(cm
2
) 

A min 

(cm
2
) 

Percentage of 

Stenosis 

Resistance 

(Pa s L
-1

) 

Pre–operation 3.3 0.6 80.5% 40.2 

Post–operation 3.3 1.7 49.0% 24.3 

TABLE I 

COMPARISON BETWEEN PRE-OPERATION AND POST-OPERATION 
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Fig. 5 The graph showing the variation of the cross–sectional area along the pharynx. 

 

 

               
(a)             (b) 

 

Fig. 6 Velocity vectors at the mid – sagittal planes (a) before operation; (b) after mandibular distraction of an OSA patient. 

The color scale representing the velocity magnitude. 
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(a)                (b) 

 

Fig. 7 Pressure distribution at twenty–one transversal planes along the pharynx (a) before operation; (b) after mandibular 

distraction, of an OSA patient. 

 

 

                      
(a)                  (b) 

 

Fig. 8 Contours of pressure at the mid–sagittal plane along the pharynx (a) before operation; (b) after mandibular distraction, 

of an OSA patient. 
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Fig. 9 The graph showing the variation of pressure along the pharynx for pre – operative model and post – operative model. 

 

 

IV. DISCUSSION 

Two main parameters were studied to investigate the effect 

of mandibular distraction. The minimum cross–sectional 

area in the upper airway increased threefold, from 0.6 cm2 to 

1.7 cm2. The triple enlargement of the area caused a sharp 

drop in the percentage of stenosis. This widened airway 

highly reduced the chance of collapse and blockage during 

inspiration. The widened airway gave a better flow 

environment which has been illustrated in the pressure 

distribution. The minimum pressure, –6 Pa, was recorded at 

the oropharynx section before surgical treatment. The 

negative intraluminal pressure promoted the development of 

airway obstruction. The airway resistance of the airway also 

dropped significantly, from 40.2 Pa s L-1 to 24.3 Pa s L-1. This 

implied that the air could be breathed in more easily. The 

40% reduction in the resistance reduced the collapsibility of 

the pharyngeal airway. The quality of sleep would therefore 

be improved. 

V. CONCLUSION 

The pressure distribution and the resistance in the upper 

airway of the obstructive sleep apnea patient were studied 

using computational fluid dynamics. In order to mimic a 

physiological environment, three–dimensional 

patient–specific models were created using CT images of a 

severe OSAS patient.  

The computational results showed a significant 

improvement in the breathing environment during 

inspiration after the distraction of the mandible. The 40% 

decrease in the airway resistance highly reduced the 

collapsibility of the pharyngeal airway. 
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