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Abstract
Purpose—Evaluate the soft tissue change of the upper airway after maxillomandibular
advancement (MMA) by computational fluid dynamics (CFD).

Materials and Methods—Eight OSAS patients who required MMA were recruited into this
study. All participants had pre- and post-operative computed tomography (CT) and underwent
MMA by a single oral and maxillofacial surgeon. Upper airway CT data sets for these 8
participants were created with high-fidelity 3-D numerical models for computational fluid
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dynamics (CFD). The 3-D models were simulated and analyzed to study how changes in airway
anatomy affects pressure effort required for normal breathing. Airway dimensions, skeletal
changes, Apnea-Hypopnea Index (AHI), and pressure efforts of pre- and post-operative 3-D
models were compared and correlations interpreted.

Results—After MMA, laminar and turbulent air flow was significantly decreased at every level
of the airway. The cross-sectional areas at the soft palate and tongue base were significantly
increased.

Conclusions—This study shows that MMA increases airway dimensions by the increasing the
occipital base (Base) - pogonion (Pg) distance. An increase of the Base-Pg distance showed a
significant correlation with an AHI improvement and a decreased pressure effort of the upper
airway. Decreasing the pressure effort will decrease the breathing workload. This improves the
condition of OSAS.

Keywords
obstructive sleep apnea syndrome (OSAS); sleep apnea; computational fluid dynamics (CFD);
mesh generation; maxillomandibular advancement (MMA); image processing; hybrid meshes;
computed tomography (CT)

Introduction
Maxillomandibular advancement (MMA) is one of various surgical procedures that are
currently offered for treating obstructive sleep apnea syndrome (OSAS).1 To effectively
treat OSAS, it is important to detect the severity and site of obstruction in each patient. Few
studies2–4 have looked at the correlation between airway anatomy and disease severity in
effort to guide treatment and predict outcome. However, it is difficult to do this reliably.
There are several upper airway imaging modalities,2–7 including nasopharyngoscopy,
cephalometrics, computed tomography (CT), and magnetic resonance imaging (MRI). These
imaging techniques have previously been used to study the changes in respiration and the
upper airway from weight loss, dental appliances, and surgery. MRI and CT have allowed
for quantification of the airway and surrounding soft-tissue structures in three
dimensions.1, 4–25 Imaging studies provide significant insight into the bone and soft-tissue
structure during wakefulness.16–23 However, it is still difficult to predict the surgical skeletal
change needed to open the airway during sleep in OSAS patients.

In this study, the posterior airway space in patients with OSAS before and after MMA were
analyzed with 3-D models and computational fluid dynamics (CFD). Changes in cross-
sectional area and pressure effort between pre- and post-operative MMA patients were
compared and discussed.

Materials and Methods
The study was approved by the University of Alabama at Birmingham Institutional Review
Board. Twenty three patients who were diagnosed with OSAS by the UAB Sleep/Wake
Disorders Center and received MMA were recruited in this study during 2006–2008.
Recruiting criteria included completion of a polysomnographic study prior to surgery, and
again within 6 months following surgery. A standardized helical CT scan with the patient’s
trago-canthal line perpendicular to the ground during the end of expiration was performed at
1-month preoperative and 6-months postoperative (Figure 1). All subjects underwent a full
night, attended, diagnostic polysomnogram. Polysomnography evaluation included airflow
monitoring with thermocouple and/or nasal pressure, respiratory effort using piezo belts at
the chest and abdominal positions, oxygen saturation using pulse oximetry, heart rate using a
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2-lead electrocardiogram, electroencephalogram (C4-A1, C3-A2, O2-A1, O1-A2),
submental and tibial electromyograms, and bilateral electrooculograms. Apnea was defined
as a cessation in airflow of at least 10 seconds. Hypopnea was defined as a reduction in the
amplitude of a decrease in oxygen saturation of 4%, or signs of physiologic arousal (at least
3 s of α activity). The apnea-hypopnea index (AHI) was calculated as the total number of
apneas plus hypopneas divided by the hours of sleep. Sleep was staged according to criteria
of Rechtschaffen and Kales.26 The scoring of all studies was confirmed by an American
Board of Sleep Medicine diplomat blinded to the biochemical assessment. OSAS was
defined as an AHI of at least 5 per hour.

At the beginning, 23 patients with mild-to-severe OSAS were considered for recruiting into
this study. Fifteen patients were excluded from this study due to poor head position or
complete airway collapse on the preoperative CT. The pressure effort cannot be calculated
by CFD simulation of a completely obstructed airway because there is no air flow passing
through the upper airway. Therefore, eight patient CT data sets with mild-to-severe OSAS
were recruited into this study. These eight patients were labeled Cases #1, 5, 6, 12, 13, 18,
19 and 23. Geometric reconstruction and mesh generation was produced using data sets of
pre- and postoperative facial CT scans of the eight OSAS patients. Pre- and post-operative
CT scans of the airway were analyzed measuring the antero-posterior and lateral airway
dimensions. The level of airway was divided into six levels, each 10 mm apart, starting at
the hard palate (level 1) extended caudally for 60 mm (level 6) (Figure 2).

Pre- and post-operative skeletal changes were measured by CT in parallel to the Frankfort
horizontal plane. Anatomical measurements were from the posterior border of foramen
magnum at occipital base (Base) to the points A, B and Pg (A (subspinale) = the point of
greatest concavity of the maxilla between anterior nasal spine and maxillary dental alveolus,
B (supramentale) = the point of greatest concavity of the mandible between mandibular
dental alveolus and pogonion, and Pg (pogonion) = the most anterior point on the
mandibular symphysis). These measurements were made twice and the values were
averaged by the same mechanical engineer and not by cephalometric assessment.

To extract patient-specific airway geometries from CT data, the Insight Segmentation and
Registration Toolkit (ITK)27 and the Visualization Toolkit (VTK),28 were utilized at the
Computer Enabling Technology Laboratory (ETLab), School of Engineering, University of
Alabama at Birmingham. The airway dimensions (diameter, area, and volume in different
levels) of pre- and post-operative MMA were recorded and compared. The numerical
meshes employed for each case have similar grid spacing, and thus the number of
computational cells varies with the size of the airway simulated. The laminar and turbulent
CSF simulations were conducted for the high-fidelity 3-D models constructed based on the
patient-specific CT data to predict the flow field in the nasal and upper airway of 8 patients
before and after MMA. For numerical simulations, an inlet air pressure was set to be
ambient pressure (1 atm), and a normal air volume flow rate (an averaged volume of air for
one normal inspiration) of 700 mL/s for adults was used to calculate the speed of air
entering the nose since steady air flow (instead of dynamic tidal air flow) was used in
calculating the flow field and pressure efforts in this study. The air flow was simulated with
the same amount of air inspired in every case.

In our study, two finite-volume CFD codes; a pressure-based UNIC code29 and a density-
based HYB3D code30, 31 were employed to simulate the flow in the nasal and upper airway.
Both CFD codes solve a set of discretized equations governing the type of fluid flows of
interest. These equations include the continuity, momentum, energy equations, and the
turbulence transport equation, if turbulent flow is simulated. The computational domain of
interest (the nasal and upper airway in this case) is also discretized with a mesh consisting of
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numerous grid points, where a larger number of grid points, in general, represents higher
resolution and a better numerical accuracy. A set of dependent variables (unknowns), such
as velocity components, density, pressure, energy, and temperature, is then calculated by
solving the set of governing equations over each grid points. Since typically there are more
dependent variables than the governing equations solved, the equations of state are
commonly employed to correlate density, pressure, energy and temperature so that the
number of the equations match that of the dependent variables. For the pressure-based flow
solver, pressure is solved as one of the dependent variables, while density is solved as one of
the dependent variables for the density-based flow solver. For the numerical calculations
with the UNIC code, the mass flow rate was specified and fixed at nasal the inlet, and
conservation of mass was used to calculate the pressure at the exit boundary. 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. The pressure
effort (ΔP) defined as the difference between the pressure at different locations along the
airway at the cross-section with the base plane (Plane A0 –A6) through the hard palate
(Figure 3).32 The airflow resistance was used as a measure to assess the surgical outcome.
Both pre- and postoperative models of upper airways were simulated to assess the MMA
surgical effect.

The correlations between AHI, airway dimensions, pre- and post-operative MMA airflow
properties were analyzed with statistics. Mixed-model analysis of variance (ANOVA) was
used to compare pre- and post-operative changes in area. Pairwise comparisons among
levels were conducted using Turkey’s test when a significant overall difference was found.
Pre- and postoperative MMA changes of within-subject mean AHI were evaluated by paired
t test. Mean AHI change was compared between males and females by t test. Associations
between patient-level variables and mean AHI change were characterized using Spearman’s
rank correlation coefficient.

Results
Pre- and post-operative upper airway models were created for all OSAS cases from
clinically-used CT data sets to perform viscous CFD simulations. The numerical results
demonstrated computational geometry, mesh generation and CFD simulations. Four patients
were females and four were males. Mean AHI change was −26.3 (standard deviation =
11.86). All of the MMA patients (Case # 1, 5, 6, 12, 13, 18, 19 and 23) showed increased
airway cross-sectional area and decreased pressure effort at every airway level after MMA.
All these patients had AHI improved after MMA. There was no correlation or difference
between genders and all variations including distance of facial bone movement (from Base
to the points A, B and Pg), percent area of the airway changes, pressure efforts, BMI and
AHI.

There was a significant correlation between the distance of the jaw movement (Table 1)
from Pg to Base point and AHI (Spearman’s rho = −0.83, p < 0.01). There was no
significant correlation between the distance of the jaw movement (skull base to point A and
B) and AHI (Spearman’s rho = −0.26, p < 0.53 and Spearman’s rho = −0.64, p < 0.08
respectively).

The maximum changes of laminar and turbulent pressures were significantly correlated to
each other (p < 0.0001). The percent maximum change of laminar pressure (pctMax-ΔP
LamChange) and percent maximum change of turbulent pressure (pctMax-ΔP TurbChange)
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was almost perfectly correlated (rho = 0.976 and p < 0.0001), so these two results were not
distinct. The percent area change of the airway after MMA had a significant improvement
and correlation with the pctMax-ΔP LamChange (p < 0.0009) and pctMax-ΔP TurbChange
(p < 0.0003). There was no correlation between the percent area changes of the airway and
lamina/turbulent pressure (p < 0.05).

There were significant pre-postoperative increases in area for levels 0, 10, 20 and 30 mm (p
= 0.0078, for each, by signed rank test). For the change in area, the largest mean occurred at
the 30 mm level (mean = 180.75, standard deviation = 158.55). However, the mean area
changes were not significantly different among the levels, p = 0.2616 (Table 2).

There was a significant difference in mean pre-postoperative change in laminar pressure
change (ΔP Lam) among the levels (p = 0.0067, by mixed-model ANOVA using rank
transformation), with the 10 mm level showing significantly less change, on average, than
levels 20 mm, 30 mm and 40 mm (Tukey’s test). Mean pre-postoperative change in
turbulent pressure change (ΔP Turb) differed significantly among the levels (p = 0.0003, by
mixed-model ANOVA using rank transformation), due to the 10 mm level showing a
significantly lower mean than the 20mm level, with no other significant differences
(Tukey’s test). For the change in ΔP Lam and ΔP Turb, the largest mean was at the 40 mm
level (tongue base). However, the difference in mean change among the levels was not
significant.

To demonstrate the flow characteristics in the upper airway, the numerical results of case#
18 was plotted in Figures 4, which showed 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 millimeters of water
range from red (for the lowest effort) to blue (for the highest effort). Whereas, for the shear
stress contours (in N/m2), red indicated the largest friction and blue indicated the smallest
friction. It could be seen that the higher pressure effort occurs at the location with the
narrower airway passage which corresponds to higher air flow velocity and larger friction.
The numerical results of other cases were presented in our earlier paper33, which
demonstrate similar qualitative trends to those stated above.

Discussion
In general, higher degrees of airway obstruction will require more pressure efforts (ΔP Lam
and ΔP Turb) to inspire the normal amount of air with more workload of breathing. On the
other hand, increasing airway dimension (space or volume) should reduce the pressure effort
or workload of breathing. This concept supports the use of MMA for treatment of OSAS. In
this study, MMA has shown to significantly increase the airway cross-sectional area at
levels 0, 10, 20, 30 mm (oropharyngeal area). The greatest change was seen at the 30 mm
level. This study shows that MMA can decrease the ΔP Lam and ΔP Turb, and had the most
impact at the 40 mm level (tongue base). MMA protrudes the mandible and chin to increase
airway dimensions. This was measured and represented by the increase in the Base-Pg
distance. An increase in the Base-Pg distance showed a significant correlation with AHI
improvement and decreased the pressure effort (ΔP Lam and ΔP Turb) at each level of the
upper airway. A decrease in pressure effort (ΔP Lam and ΔP Turb) will decrease the
workload of breathing. These results correlate clinically to improvement of OSAS.
Therefore, MMA surgery has shown to help obstructive sleep apnea patients breathe easier
and with less effort. The increase of the airway volume is a direct result of MMA surgery,
and the region around the tongue base increased the most.
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This study demonstrates the possibility of computational fluid dynamics in providing
information for understanding the pathogenesis of OSAS and could predict the outcome of
surgeries for airway modification in OSAS. Sung et al34 stated the similar results of CFD
analyses on airway CT data of OSAS patients. In addition, our study shows the airflow
resistance of the airway is decreased by MMA and less breathing effort is required in the
postoperative airway. Yu et al35 reported these same outcomes of MMA for OSAS. Not only
MMA increases the dimensions of the upper airway in OSAS but postoperative airway is
also less prone to collapse. We acknowledge the effects of awake subjects, static airway
models and neural compensatory reflexes as an important limitation in our study for CFD.
Progressive airway narrowing has been observed in OSAS adults during expiration and
inspiration.36 The rigidity in imaging and modeling decrease the value of movement and
compliance of the soft tissue of the airway.

All OSAS patients in this study after MMA had improved AHI (decreased). The AHI,
however, was not significantly correlated with other parameters, including airway cross-
sectional area, and pressure efforts (ΔP Lam and ΔP Turb). Recruiting more OSAS
participants for computational fluid dynamics using flexible models should be considered
for future studies.
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Figure 1.
This picture shows the trago-canthal line which is drawn from the tragus to the infra-orbital
rim for the reference of head position during performing facial CT scans. Head position
during CT scan, aligns the trago-canthal line perpendicular to the floor.
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Figure 2.
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Illustrations of hybrid meshes generated for Case 12 (a) pre- and (b) postoperative upper
airway models with postoperative skin as reference and black lines showing positions of
cross-sections. C1-C6 are coronal cross-sections of the hybrid mesh; while A0-A6 are axial
cross-sections of hybrid meshes shown in Figure 3.
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Figure 3.
Axial cross-sections of hybrid meshes generated for Case # 12 (a) pre- and (b) postoperative
upper airway models.
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Figure 4.
Case # 18; pre- and postoperative streamline traces and shear stress contour of turbulent
airflow. The streamline traces (A) and shear stress contours (B) in the preoperative upper
airway showed higher pressure efforts and shear stress than the postoperative ones (C and D,
respectively) in every patient. Color of the airflow determines the level of the pressure
gradient (mmH2O) and shear stress (N/m2). Postoperative pressure efforts (ΔP Lam and ΔP
Turb) were decreased after MMA (E). These postoperative outcomes were consistent with
other patients (Case # 1, 5, 6, 12, 13, 19 and 23).
Figure 4 with captions for figures as following
(a) Preoperative streamline traces
(b) Preoperative Shear stress
(c) Postoperative streamline traces
(d) Postoperative shear stress
(e) Case# 18: Comparison of pressure effort distributions along the pre- and postoperative
upper airways.
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