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Abstract
Obstructive sleep apnea (OSA) is a common disease with important neurocognitive and
cardiovascular sequelae. Existing therapies are unsatisfactory, leading investigators to seek
alternative forms of anatomic manipulation to influence pharyngeal mechanics. We have
developed a two-dimensional computational model of the normal human upper airway based on
signal averaging of MRI. Using the finite element method, we can perform various anatomic
perturbations on the structure in order to assess the impact of these manipulations on pharyngeal
mechanics and collapse. By design, the normal sleeping upper airway model collapses at −13 cm
H2O. This closing pressure becomes more negative (ie, less collapsible) when we perform
mandibular advancement (−21 cm H2O), palatal resection (−18 cm H2O), or palatal stiffening
(−17 cm H2O). Where clinical data are available in the literature, the results of our model
correspond reasonably well. Furthermore, our model provides information regarding the site of
obstruction and provides hypotheses for clinical studies that can be undertaken in the future (eg,
combination therapies). We believe that, in the future, finite element modeling will provide a
useful tool to help advance our understanding of OSA and its response to various therapies.
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Obstructive sleep apnea (OSA) is an important disorder due to both its high prevalence and
its well-established sequelae.1,2 Although effective therapies exist for sleep apnea,3–6

investigators continue to seek alternative methods to manipulate pharyngeal mechanics/
anatomy with the ultimate goal of improving currently available therapeutic modalities.3–8

Various different methods of manipulating pharyngeal mechanics have been used to treat
snoring in individuals with largely normal upper airway anatomy and to treat sleep apnea in
those with a compromised pharyngeal lumen. These methods include weight loss, oral
appliances, and upper airway surgery.9–11 However, these techniques have also been
problematic due to variable efficacy and minimal ability to predict therapeutic response. A
number of investigators have attempted to determine which patients are most likely to
respond to treatment, but without great success.12–16 We believe that improvements in our
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understanding of normal pharyngeal anatomy and physiology may be required to gain
insights into disease pathogenesis and ultimately to develop new treatment strategies.

Our group has been involved in the development of a computational model to better
understand the behavior of the human upper airway.17 We have used finite element analysis,
which is a mathematical technique to quantitatively analyze the behavior of a given
mechanical structure. We have previously published our two-dimensional model that uses
anatomically correct structure from MRI of normal human subjects.17 With this model, we
have used the critical closing pressure (Pcrit) as our outcome measure to assess the
collapsibility of the upper airway.18 Using finite element analysis, we sought to determine
the impact of mandibular advancement, palatal resection, and palatal stiffening on the
mechanics of the normal human pharyngeal airway.

Materials and Methods
For this study, we modeled the effects of various anatomic manipulations on our finite
element model of the normal pharyngeal airway. We studied both mandibular advancement
and palatal removal since these are techniques commonly performed clinically. In addition,
we studied the role of palatal stiffening with palatal implants, as this is a technique that is
currently approved by the Food and Drug Administration for the treatment of snoring in
patients with otherwise normal upper airways and in mild-to-moderate OSA.

The process used in the development of the finite element model has been previously
reported but will be reviewed here briefly. The human pharyngeal airway is considered a
mechanical system composed of multiple materials and having complex geometric
structures. A two-dimensional anatomic structure of the pharyngeal airway was constructed
based on midsagittal plane MRI in normal subjects. Although the two-dimensional structure
ignores the effects of the lateral walls, this model can mimic the anatomic structures in the
midsagittal plane, thereby maintaining the major features of negative pressure-induced upper
airway collapse in the anteroposterior dimension. A “mean structure” for a specific group of
subjects was obtained by averaging the corresponding signals collected from each MRI.

Several basic approximations were used for air flow. Because the pressure drop across the
upper airway is small and the flow velocity is generally much smaller than the speed of
sound, we have assumed that air is essentially incompressible. We used a laminar flow
model to describe the flow in the upper airway. For an already complex problem involving
very irregular geometric structures and strong fluid-solid interaction, the use of a turbulent
flow model would greatly increase the difficulty of the simulation, and would be
computationally expensive. However, the errors introduced by this assumption are likely
small for the pressure distribution along the upper airway when the pressures at the entrance
and the exit to the upper airway, but not the velocity there, are given as boundary conditions.
Since the posterior pharyngeal wall is thin and attached to the vertebral bodies, we modeled
it as a rigid structure.

The hard palate, mandible, and bottom of the epiglottis are considered fixed boundaries with
zero displacement. At the interface of two solid tissues, such as the tongue and hyoid bone,
the displacement must be continuous. The anterior part of the tongue and the boundary
linking the bottom of the mandible and the bottom of epiglottis are considered free
boundaries. The tongue, uvula, and other soft tissue, except the parts connecting directly to
fixed boundaries, can move freely under loads. Fluid-solid interaction conditions are used at
the deformable front wall of the upper airway, which is composed of the air-uvula, air-
tongue, and air-epiglottis interfaces. The solid model calculates the displacement and gives
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the kinetic condition for the fluid model, and the force distribution calculated from the fluid
model gives a dynamic boundary condition for the solid part.

For the genioglossus, the major upper airway dilator muscle, we have developed a muscle
contraction model that varies the stiffness of the muscle during the respiratory cycle.19 The
muscle contraction model consists of a series element, a parallel element, and a contractile
element. The parallel element determines the passive mechanical properties of the muscle
when no muscle activity is present (ie, paralysis). When, the genioglossus is active, both a
contractile element and a series element become mechanically important.20

During sleep, upper airway pharyngeal dilator muscle activity generally decreases by
approximately 10 to 20% during normal breathing, which has been observed in many of our
experimental studies.21–26 Most of the remaining tonic and phasic activities represent
fundamentally pressure-independent inputs controlled by the respiratory central pattern
generator and premotor neurons. However, muscle activation is still written, for
convenience, as a function of pressure but not phase or time. During sleep, the phasic
activation increases slowly when upper airway pressure becomes more negative due to a
substantial reduction but not complete loss of reflex mechanisms.27

Using our sleeping upper airway model, we assessed pharyngeal collapsibility (ie, Pcrit)
during normal sleep and following three anatomic manipulations: mandibular advancement,
uvulopalatopharyngoplasty (UPPP), and palatal stiffening. In our model, we simulated
mandibular advancement by stretching the muscle to reach a 1-cm anterior mandibular
displacement. We compared the calculated collapse of the upper airway with and without
mandibular advancement at the same negative pressure, and predicted the closing pressure
of the upper airway with mandibular advancement. Because there have been reports of
reduced upper airway dilator muscle activity following mandibular advancement, we
repeated the simulation following a 50% decrease in dilator activity.28

To investigate the effects of UPPP on upper airway collapsibility, we removed the uvula/soft
palate from our two-dimensional structure of the pharyngeal airway. We then simulated the
air flow and tongue deformation at different upper airway negative pressures and predicted
the closing pressure (Pclose) of the sleeping airway after uvula removal.

For palatal stiffening, we simulated the insertion of a palatal implant (Pillar Palatal Implant;
Restore Medical; St. Paul, MN) made of polyethylentherephthalate. We have used a range of
Young’s moduli (deformability) for the implant and the immediately surrounding tissue,
which is likely affected by the implant (scarring, fibrosis etc). Since we have no technique of
experimentally measuring implant stiffness in situ in humans, we empirically chose a range
of values based on in vitro studies. We chose a position for the implant based on the
recommended placement site of the manufacturer.

Results
All of the anatomic manipulations led to important decreases in the collapsibility of the
normal human pharyngeal airway. By design, the normal pharyngeal airway collapsed at a
pressure of −13 cm H2O during sleep based on the work of Schwartz et al,18 although a
range of values have been reported in the literature.29–32 As can be seen in the figures,
progressively more negative airway pressures were necessary to occlude the pharyngeal
airway for all three of the experimental conditions. The effect was most pronounced for
mandibular advancement (Pclose = −21 cm H2O), but less so for palatal resection (Pclose =
−18 cm H2O) or palatal stiffening (Pclose = −17 cm H2O).
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Mandibular Advancement
Figure 1 illustrates the effect of mandibular advancement on pharyngeal mechanics. The
normal sleeping airway closes at −13 cm H2O epiglottic pressure, but remains patent at this
pressure once the mandible is advanced by 1 cm. The upper airway does not actually close
until −21 cm H2O is applied to the pharyngeal airway with advanced mandible. Even when
muscle activity is reduced by 50%, as may occur with mandibular advancement, the
pharyngeal airway remains widely patent at −13 cm H2O once the mandible has been
advanced. These data illustrate that mandibular advancement leads to markedly reduced
collapsibility of the pharynx, even if upper airway dilator muscle activity is reduced.

UPPP
Excision of a portion of the soft palate and the uvula changes the flow pattern and pressure
distribution in the pharyngeal airway substantially and, therefore, affects upper airway
collapsibility. Figure 2 shows an airway during sleep with an intact palate at −13 cm H2O
epiglottic pressure (Pclose), and the sleeping airway after UPPP at 0, −13, and −18 cm H2O
pressure, respectively. One can see that the upper airway is still patent at −13 cm H2O
pressure after UPPP. Collapse occurred at approximately −18 cm H2O pressure.

Palatal Stiffening
As can be seen in Table 1 and Figure 3, the palatal implant had a substantial impact on
pharyngeal Pclose. Depending on the soft palate Young’s modulus and the implant stiffness,
there was a consistent effect (of variable magnitude) on pharyngeal Pclose. For example, the
soft palate with 25,000 Pa modulus (palate in asleep state) showed a change in Pclose from
−11.5 to −17 cm H2O with an implant stiffness of 1.3 MPa. This magnitude of effect is on
the order of what we have previously observed comparing normal men to normal women,
suggesting the observed findings are clinically significant.17

Discussion
The results of this study suggest that the magnitude of the change in Pcrit for the pharyngeal
airway was greatest for mandibular advancement, and similar for palatal resection and palate
stiffening. All procedures resulted in a considerable improvement in pharyngeal mechanics
in the normal upper airway.

Previous investigators have examined the impact of anatomic manipulations of the
pharyngeal airway, using a variety of different techniques. However, because of the nature
of human research, it had not been possible to compare different anatomic manipulations
within the same individual. There is also a paucity of data comparing the clinical effect of
each of these therapeutic techniques between patients. Thus, there has been little consensus
in the literature as to whether surgical therapies or dental devices have greater impact.
Moreover, there is still minimal ability to predict which patients will respond to a particular
therapy. Although the available clinical data are minimal in this area, they do support a
greater impact of mandibular advancement as compared with uvula removal in OSA
patients, as would be consistent with our model.33 We believe that finite element modeling
may be an important technique in the future to predict therapeutic response in OSA patients.
Clinical trials will ultimately be necessary to determine how accurately these modeling
techniques predict therapeutic success.

The results of this study complement the existing literature regarding the impact of various
structural manipulations on experimentally measured pharyngeal collapsibility. Schwartz et
al34 reported on the Pcrit of patients undergoing UPPP measured before and after surgery. In
this population with severe sleep-disordered breathing, consistent reductions were seen in
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Pcrit in patients undergoing surgery. Moreover, the magnitude of the change in Pcrit was
predictive of the change in sleep-disordered breathing index following surgery. Because the
present modeling study and the Schwartz clinical study addressed different populations, no
direct comparisons can be made regarding the absolute values for Pcrit, although the
magnitudes of the effects were comparable (ie, Pcrit 0.2 to −3.1 cm H2O in Schwartz et al34

vs Pcrit −13 to −18 cm H2O in present study). Of note, because the Pcrit values in normal
subjects are somewhat variable in the literature, our simulations are most useful for
examining the relative changes in Pclose measures, since the absolute values will depend on
the initial Pclose applied to the model.

Kato et al35 measured the effect of mandibular advancement on pharyngeal mechanics in
paralyzed OSA patients undergoing general anesthesia. The authors observed a dose-
response effect, indicated by a more negative Pcrit with progressive mandibular
advancement. For the control subjects, a Pclose of 1.3 cm H2O fell to −1.2 with 2-mm
advancement, −2.4 with 4-mm advancement, and −3.5 with 6-mm advancement. Again
methodologic differences preclude direct comparisons to the present study, although the
changes that we observed (−13 to −21 cm H2O with 1-cm advancement) appear to be
comparable.35 In addition, Ng et al36 studied the effect of mandibular advancement on upper
airway Pclose on OSA patients during stage 2 sleep and during slow-wave sleep. The
authors observed a less collapsible airway with mandibular advancement for both sleep
stages (−1.6 cm H2O vs −3.9 cm H2O for stage 2, and −2.5 to −4.7 cm H2O for slow-wave
sleep). Of note, the mean mandibular advancement was 4.6 mm in this study, perhaps
explaining the more modest effects on pharyngeal mechanics as compared with our model.36

We are aware of no published data on palatal implants regarding their effects on pharyngeal
mechanics. In one recent abstract, Friedman et al37 reported that apnea-hypopnea index
reductions were achieved in all patients who received the implant alone or in combination
with other treatments. In addition, subjective snoring (based on a 50% decrease in the visual
analog scale) was reportedly improved in 80% of patients. In another abstract, Hein et al38

reported a trend toward reduction in apnea-hypopnea index from 16.3 ± 4.5 to 7.6 ± 4.6
events per hour (p < 0.001), in association with marked reductions in snoring based on
visual analog scale (8.2 to 4.8, p = 0.001).

In addition to the Pclose measures observed with our model, the site of pharyngeal occlusion
is also apparent after each of the therapeutic interventions. These data provide interesting
speculation regarding the potential for combination therapies. For example, the combination
of mandibular advancement with UPPP or palatal stiffening would be predicted to have a
substantial impact on pharyngeal collapsibility. Indeed, some clinical data support this
hypothesis.39 Similarly, stiffening of both the palate and the tongue may well have
complementary benefit. Although some clinical data support the concept of combination
therapy, we believe that further work is necessary in this area.

Despite its strengths, this study has a number of limitations. First, the existing model was
based on anatomic and physiologic parameters derived from normal subjects. Therefore, one
could argue that the impact of upper airway surgery on the normal airway has minimal
clinical relevance. However, we believe that it was appropriate to first determine in normal
subjects how anatomic manipulations affect collapsibility. We can then develop an OSA
model using imaging and physiologic data from patients with disease. In addition, we would
argue that individuals with simple snoring and relatively normal upper airway anatomy
frequently undergo anatomic manipulations for the snoring. Thus, despite this limitation, we
believe our results both provide physiologic insights and do have clinical relevance. Second,
our model is two dimensional, which omits the effects in the lateral dimension and may
result in some limitations when it is used for clinical predictions. However, our model is
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useful in predicting the behavior of the pharyngeal airway in the anteroposterior plane.
Studies during both anesthesia (Shiroh Isono, MD; personal communication; December
2004) and during sleep40 have shown pharyngeal narrowing to occur primarily in an
anteroposterior direction. In fact, in the study by Horner et al,40 collapse was due to
posterior displacement of the tongue and soft palate “in the majority of patients,” just as we
have modeled in normal subjects. Similarly Ciscar et al,41 using ultrafast MRI in normal
subjects and OSA patients during sleep, observed that the changes in lateral walls were
secondary to changes in airway caliber. Thus, anteroposterior collapse does appear to be
physiologically and clinically important. However, upper airway collapse is fundamentally a
complex three-dimensional problem. For a more accurate simulation of upper airway
behaviors, we have begun to develop a more realistic computational model based on the
three-dimensional structure of the pharyngeal airway. In addition, because our primary goal
in this study was to examine the isolated effect of anatomic changes, any errors introduced
by this and other assumptions (ie, two dimensions) are likely to affect both the before
models and after models equally. We regard assumptions as essential to the modeling
process itself, and would argue that they are unlikely to affect the outcomes of the present
study. In fact, our early studies of the normal upper airway have demonstrated the feasibility
of using such a two-dimensional approximation. For example, by matching the measured −5
cm H2O Pclose in the male passive upper airway, we predicted a 6,000 Pa Young’s modulus
for the passive tongue, using our two-dimensional model. This value is almost the same as
the value measured in passive skeletal muscle.42

Another assumption we have used is that flow through the upper airway is primarily laminar
rather than turbulent. Although the approximation could result in some errors in the flow
simulation,19 the existing literature would suggest that any errors introduced by this
assumption would be small and unlikely to importantly bias our results for within-subject
comparisons.43–45 Finally, we do not have any definitive data providing evidence that our
predictions are accurate, which will ultimately be necessary to change clinical practice.
However, our results do correspond relatively closely with those reported in clinical studies,
when such data are available.

Conclusions
This article adds to the literature in this area for a number of reasons. First, it illustrates the
utility of finite element analysis in the investigation of the human upper airway. Second, we
have demonstrated that palatal stiffening may have an important effect on pharyngeal airway
mechanics, of comparable magnitude to clinically performed anatomic manipulations. Third,
these data are suggestive that palatal resection has a smaller mechanical effect than
mandibular advancement on the normal human pharyngeal airway. Further investigation will
be required to determine the clinical relevance of these observations in OSA patients.
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OSA obstructive sleep apnea

Pclose closing pressure
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Pcrit critical closing pressure

UPPP uvulopalatopharyngoplasty
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Figure 1.
MRI is provided as a reference for the labeling of our model. Below, left to right: An airway
with normal sleeping muscle activation that collapses, as described above, at −13 cm H2O
epiglottic pressure. The sleeping airway with 1-cm mandibular advancement and normal
activation is widely patent. The sleeping airway with 1-cm mandibular advancement and
normal muscle activity now has a Pclose of −21 cm H2O. If muscle activation is reduced by
50%, the upper airway remains widely patent at −13 cm H2O. EMG = electromyogram.
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Figure 2.
Left to right: An airway during sleep with intact uvula at −13 cm H2O epiglottic pressure,
and the airway during sleep without the uvula at 0, −13, and −18 cm H2O, respectively. All
deformations are with normal sleeping muscle activation. The dashed line shows the initial
tissue locations at zero pressure with or without the uvula. The solid line shows the
structural position at a given epiglottic pressure with or without the uvula. Uvula removal
makes the upper airway less collapsible and changes the site of obstruction.
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Figure 3.
The impact of the Restore Medical palatal implant on pharyngeal mechanics. The implant
(18 mm in length, 2 mm in width including scar) was given a Young’s modulus (stiffness) of
1.3 MPa and inserted into the soft palate (stiffness or Young’s modulus [E] of 25,000 Pa).
With normal genioglossal muscle contraction during sleeping conditions, the implant leads
to a less collapsible pharyngeal airway (based on a more negative Pclose from −11.5 at
baseline to −7 cm H2O after implant).
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Table 1

Effects of Implant Stiffness on Upper Airway Pclose Values*

E (Soft Palate), Pa

Pclose, cm H2O

Without Implant

With Implant

E (Implant) = 0.7 (MPa) 1.3 (MPa)

12,500 −6.5 −8.3 −9

17,500 −8.5 −11.5 −13

25,000 −11.5 −14.5 −17

*
E is the Young’s modulus.
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