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Simulation of the Upper Airways in Patients with Obstructive Sleep

Apnea and Nasal Obstruction: A Novel Finite Element Method

Mads Henrik Strand Moxness, MD ; Franziska W€ulker, MSc; Bjørn Helge Skallerud, MSc, PhD;

Ståle Nordgård, MD, PhD

Objective: To evaluate the biomechanical properties of the soft palate and velopharynx in patients with obstructive
sleep apnea (OSA) and nasal obstruction.

Study design: Prospective experimental study.
Materials and methods: Two finite element (FE) models of the soft palate were created in six patients undergoing

nasal surgery, one homogeneous model based on CT images, and one layered model based on soft tissue composition. The
influence of anatomy on displacement caused by a gravitational load and closing pressure were evaluated in both models.
The strains in the transverse and longitudinal direction were obtained for each patient.

Results: The individual anatomy influences both its structural stiffness and its gravitational displacement. The soft pal-
ate width was the sole anatomical parameter correlated to the critical closing pressure, but the maximal displacement due to
gravity may have a relationship to closing pressure of possibly an exponential order. The airway occlusion occurred mainly at
the lateral attachments of the soft palate. The total transverse strain showed a strong correlation with maximal closing pres-
sure. There was no relationship between the critical closing pressure and the preoperative AHI levels, or the change in AHI
after surgery.

Conclusion: Hyperelastic FE models both in the homogeneous and layered model represent a novel method of evaluat-
ing soft tissue biomechanics of the upper airway. The obstruction occurs mainly at the level of the lateral attachments to the
pharyngeal wall, and the width of the soft palate is an indicator of the degree of critical closing pressure. A less negative
closing pressure corresponds to small total transverse strain. The effect of nasal surgery on OSA is most likely not explained
by change in soft palate biomechanics.
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INTRODUCTION

The upper airways may be described as a “critically

stable tube” in terms of biomechanics.1 The balance

between the neural drive that enables the dilator

muscles to keep the airways open and the counteraction

of the intraluminal forces is complex and may be

disrupted if the inward stress of the soft tissues exceeds

the airway pressure as demonstrated by hypopneas (air-

way narrowing) and apnoeas (complete obstruction) in

patients suffering from obstructive sleep apnea (OSA).

Treatment of OSA ranges from conservative lifestyle

restrictions, changes in posture during sleep, positive

airway pressure devices and mandibular splints, to

extensive surgeries of the upper airways. Surgical treat-

ment of the nasal cavity and velopharynx has frequently

been performed because it lowers the intraluminal resis-

tance and facilitates airflow, and results in alterations in

soft tissue biomechanical behavior in some patients.1–3

Successful OSA surgeries are reported,2,3 but long-term

positive outcomes are relatively low4,5 and most sur-

geons would emphasize that careful preoperative selec-

tion of patients is of key importance.6 This reflects the

lack of standardized treatment and the inability to fully

understand the underlying mechanisms that govern the

airflow and structural changes in the upper airway dur-

ing sleep. Our primary aim was to investigate the bio-

mechanical response of the soft palate in OSA using

computational finite element (FE) simulations. The sec-

ondary aim was to use FE models to evaluate correla-

tions between computational critical closing pressures of

the velopharynx and objective OSA measures in patients

that underwent nasal surgery. Unlike previous biome-

chanical studies of the upper airway, we created
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hyperelastic and histology-based 3D models of the soft

palate and velopharynx in order to describe the closing

pressure and the soft tissue deformation due to gravity.

MATERIALS AND METHODS

This prospective controlled study was approved by the

Norwegian Ethical Committee and registered in clinicaltrials.

gov (NCT01282125). A total of 30 patients with verified OSA

by portable polysomnography (Embletta Diagnostic System,

ResMed, San Diego, California, U.S.A., and Nox Medical T3,

ResMed, Reykjav�ık, Iceland) and nasal obstruction underwent

nasal surgery. We selected six patients with large variations in

the anatomy of the soft palate from this cohort to participate in

the computational FE simulations. The biomedical engineering

program Mimics (Materialise Mimics Innovation Suite, Mimics

Research 19.0, Leuven, Belgium) was used to process sagittal,

coronal, and axial CT scans and to reconstruct them in 3D

geometry. Two different FE models were constructed for each

patient, one based on geometric properties of the soft palate

(homogeneous model) and one on the soft tissue composition of

the soft palate (layered model). A Neo-Hookean material model

was employed to account for the soft tissue elasticity. FE simu-

lations were conducted with Abaqus (Abaqus/CAE version 6.14-

1, Dassault Systèmes Simulia Corp., Providence, Rhode Island,

U.S.A.) in order to compute the maximal displacement of the

soft palate as well as the critical closing pressure (Pcrit) at the

time of airway occlusion. The workflow of the model generation

is displayed in Figure 1. The relation of anatomic measures of

the soft palate to its displacement caused by the gravitational

and pressure load was investigated to identify anatomical risk

factors. In order to predict the effect more accurately we con-

structed a “shape factor” in which the dependence of the defor-

mation caused by gravitation in more than one anatomic

feature is taken into account. As a description of deformation,

we calculated three sets of strains in Abaqus: The transverse

strain (from one lateral side to the other, the x-axis, LE11), and

the longitudinal strain (from the hard palate to uvula, the y-

axis, LE22) and the strain orthogonal to these (z-axis, LE33).

All strain components can represent a mix of membrane strain

and bending strain, depending on the magnitude of soft palate

displacements. The logarithmic (true) strain was used. The fol-

lowing descriptions of computational simulations and material

models reflects the emerging new research field of clinical oto-

rhinolaryngology and structural engineering.

MATLAB (MathWorks, version R2015b, The MathWorks,

Inc., Natick, Massachusetts, U.S.A.) was used in the statistical

analysis to calculate a suitable fit measure (eg, linear) for the

anatomic measures using the linear least-squares method. The

sum of squares due to error (SSE), the R-square and the root

mean squared error (RMSE) was calculated to estimate the

goodness of fit. Typically, a small value for SSE and RMSE, and

an R-square closer to 1 would indicate a good fit in validating

the model with the anatomical measures.

FE Models
FE models are computational models that provide approxi-

mations of partial differential equations (PDE) which are used

to describe problems of time or space in physics.7 FE models of

the soft palate and the velopharyngeal airway were created to

investigate the influence of anatomical features on the displace-

ment of the soft palate. CT scans with a resolution of 0.46 mm

in the x and y direction and 0.7 mm in the z direction were

processed in Mimics. Mimics enabled the automatic distinction

between bone and soft tissue, while groups of different types of

soft tissues had to be selected manually based on literature on

histology.8–11 The modelling domain includes the soft palate

from its base at the hard palate to the tip of the uvula and the

posterior and lateral walls. The geometry resulting from the tis-

sue segmentation was smoothed using the Materialise module

3-matic (Materialise 3-matic, Research 11.0, Leuven, Belgium).

Subsequently, the geometry was meshed with 10-noded tetrahe-

dral elements with a maximum edge length of 1 mm that is a

suitable compromise between anatomical accuracy and compu-

tational cost caused by the number of elements. The number of

elements depends on the shape and size of the soft palate and

upper airway and our models consisted of approximately

250,000 elements and one million degrees of freedom.

The homogeneous soft tissue model was utilized to investi-

gate the influence of the macro-anatomy on gravitational loads

and pressure. The layered model was used to examine the impact

of the different soft tissues that constitutes the soft palate. As no

experimental data was available for the soft tissues of the soft pal-

ate, material parameters were taken from the literature. For the

homogeneous soft tissue model (Table I), parameters describing

the overall properties of the soft palate were found in the studies

by Birch and Srodon, Pirnar et al., and Yu et al.12–14 For the lay-

ered material model parameters of the soft palate, the material

parameters for adipose, glandular, muscular, tendinous, and

Fig. 1. Workflow of the FE modelling.
FE5 finite element

TABLE I.

The Elastic Properties of the Human Soft Palate.

Paper Material Model Young’s modulus (E [Pa]) Poisson ratio (v [-])

Birch and Srodon (2009) Soft 9.8 3 102 0.45

Pirnar et al. (2015) Medium stiff 7.54 3 103 0.49

Yu et al. (2014) Stiff 2.5 3 104 0.42

The Youngs modulus is the stiffness of the material. The Poisson ratio explains the contraction of the soft tissue material when an external pulling force
is being exerted.
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mucosal tissue were obtained from the works of Kuehn and

Kahane, Etterna and Kuehn, Kuehn and Moon, and Cho et al.8–11

All papers used to describe the parameters are stated in Table II.

Soft tissues were modelled as hyperelastic whereas bone was mod-

elled as linear elastic. The material parameters reported in the lit-

erature vary considerably. This is in accordance with the fact that

the modulus of elasticity of one tissue type can vary significantly

between individuals and even within one individual.15 As a conse-

quence, more than one set of material parameters was applied for

each tissue type.

Previous modelling of the upper airways varies in complex-

ity of geometry and material modelling. Two-dimensional models

investigate the pharyngeal mechanisms in the mid-sagittal

plane, however, they do not consider the influence of the lateral

walls27 (Berry et al. 1999, Huang et al. 2007). Three-dimensional

models demonstrated that material modelling influences the

response of the soft tissues when loads were applied (Pelteret

et al. 2014, Zhao et al. 2013) but they are costly and are fre-

quently based on single-patient CT or MRI data.

MATERIAL MODEL

The mechanical behavior of soft tissue is governed

by the protein macromolecules elastin and collagen,

TABLE II.

The Elastic Properties of Different Soft Tissues Used in FE Simulations of the Velopharynx.

Model Paper used Young’s modulus (E [Pa]) Poisson ratio (v [-])

Adipose soft Carter et al. (2012)

Ramiao et al. (2016)

5.73 3 102 0.45

Adipose medium stiff Alkhouli et al. (2013)

Omidi et al. (2014)

Ramiao et al. (2016)

2.74 3 103 0.45

Adipose stiff Carter et al. (2012)

Ramiao et al. (2016)

2.25 3 104 0.45

Bone Carrigy et al. (2015)

Huang et al. (2013)

Pelteret and Reddy (2012)

Rho et al. (1993)

1.58 3 1010 0.35

Glandular soft Carter et al. (2012)

Ramiao et al. (2016)

2.59 3 103 0.45

Glandular stiff Carter et al. (2012)

Ramiao et al. (2016)

3.39 3 104 0.45

Muscle soft Chen et al. (1996)

Gennison et al. (2010)

Huang et al. (2007)

4.16 3 103 0.45

Muscle medium stiff Kajee et al. (2013)

Mathur et al. (2001)

Morrow et al. (2010)

2.44 3 104 0.45

Muscle stiff Gennison et al. (2010)

Morrow et al. (2010)

Yu et al. (2014)

5.34 3 105 0.45

Mucosa soft Sawada et al. (2011) 2.3 3 105 0.45

Mucosa stiff Chen et al. (2015)

Yuko et al. (2015)

2.75 3 106 0.45

Tendon Carrigy et al. (2015) 3.9 3 107 0.45

The Young’s modulus is the stiffness of the material. The Poisson ratio explains the contraction of the soft tissue material when an external pulling force
is being exerted.

FE5 finite element.

Fig. 2. Sketch of the boundary conditions. The boundaries of the
model were chosen to match surfaces where soft tissue adheres
to bone to ensure physically valid boundary conditions. A mini-
mum of 4 mm soft tissue was included between the lateral airway
walls and the lateral boundaries of the models.

Laryngoscope Investigative Otolaryngology 00: Month 2018 Moxness et al.: Novel FE Method for OSA and Nasal Obstruction

3



which are present in the extracellular matrix. Elastin is

the most linear elastic biosolid material. When subjected

to loads, the stretching mechanism initially depends on

elastin and there is no load on the collagen fibers yet.

This leads to a quasilinear behavior at low strains where

the loading curve is almost a straight line. Collagen is

the main load-carrying element in soft tissues. As long

as there is no load on the collagen fibers, they are at

least partly in an amorphous configuration. With

increasing loads, the collagen fibers start to bear loads

and to straighten in the load direction. The material

behavior is nonlinear during this process and the soft

tissue stiffens significantly. When the collagen fibres are

aligned, the stress strain relation becomes linear and

the tissue is stiff compared to its stiffness under small

loads.16–19 For the physiological displacement levels of

the soft palate the materials mainly operate in the linear

regime, and for this the Neo-Hookean model is an

acceptable first approach.17 It is the simplest hyperelas-

tic material model and the strain energy density func-

tion W requires only two material parameters c10 and D1

that quantify the stiffness and the compressibility of the

soft tissue, respectively.

W5
1

2
c10 I123ð Þ1

1

D1

Jel21ð Þ2

I1 is the parameter that characterises the deformation

and Jel is the elastic volume change.20,21

FE Modelling and Posture/Gravity Loads
The displacement of the anterior, lateral, posterior,

and proximal side of the FE model was set to zero to

model the restriction of the hard palate, the cervical

spine, and other tissues on the deformation of the soft

tissues of the upper airway (Fig. 2). C3D10H elements

(used in stress analysis to simulate incompressible mate-

rials) were applied to prevent unnatural stiffening and

to grant optimal simulation results. A gravitational load

was used to model the difference between the upright

and the supine position as most apnea events occur in

the supine position.22,23 The displacements of the soft

palate due to a change from the upright to the supine

position reported in the literature vary from 1.4 mm24 to

2.36 mm,25 the average displacement being 2.02 mm.

The computed displacements resulting from supine to

TABLE III.

Maximum Airway Widening Due to Gravity for Different Neo-Hookean Material Models in the Homogeneous and Layered Model and Mixed
Model.

Material model
Patient 1
(mm)

Patient 2
(mm)

Patient 3
(mm)

Patient 4
(mm)

Patient 5
(mm)

Patient 6
(mm)

Homogeneous model Soft 7.80 15.25 15.83 2.35 5.60 9.16

Medium 1.31 2.79 3.81 0.27 0.71 1.34

Stiff 0.53 0.88 1.21 0.09 0.23 0.42

Layered model Soft 0.45 0.56 1.1 0.42 0.43 0.68

Medium 0.041 0.048 0.11 0.031 0.16 0.066

Stiff 0.026 0.033 0.055 0.018 0.067 0.033

Mixed model Soft 1.65 3.35 4.54 0.38 0.98 1.66

Medium 1.07 2.43 3.28 0.21 0.59 1.09

Reported average airway widening in the literature is 2.0 mm.

Fig. 3. A. Thickness and angle of the soft palate and the minimum airway space. The mean thickness (tmean) and the mean airway width
(wmean) were calculated from five evenly distributed locations from the base of the hard palate to the base of the uvula. B. Measures of
length of the soft palate.
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upright position presented in Table III are compared to

this value in order to have a guide on what material

parameter set is most representative. Negative intralu-

minal pressure during inspiration narrows the airway

and might lead to airway collapse.26–28 As the displace-

ment of the soft palate is governed by air pressure with

minimal influence of shear forces,29 the load on the soft

palate during inspiration was modelled as a uniformly

distributed negative pressure. The distance from the

soft palate to the pharyngeal wall was monitored dur-

ing the Abaqus simulations. The closing pressure was

identified as the pressure when the distance between

the soft palate and the wall was below a very small

value, ie, a simplification avoiding performing contact

analysis.

RESULTS

The patient demographics and geometric values of

the soft palate, the apnea-hypopnea-index (AHI) and

minimal airway space are listed in Table IV. The table

also provides the computed critical closing pressures.

The Homogenous Soft Palate Model
Finite element simulations were conducted with a

soft, medium, and a stiff Neo-Hookean material model

(Tables (I–III), II, and III). The medium stiff homoge-

neous model is the most accurate choice of model to eval-

uate gravitational deformation, compared to literature.25

The displacement due to gravity may be used to mea-

sure the effect of individual anatomy on soft palate

TABLE V.

Goodness-of-Fit Measures for the Soft Palate.

Measure SSE R-square RMSE �y

Influence of anatomy on tissue
deformation due to gravity

tmean 2.32 0.74 0.76 8.2 mm

ld 19.31 0.81 2.20 41.9 mm

lmid 32.27 0.41 2.84 44.1 mm

wmean 40.32 0.72 3.18 22.5 mm

umean 5.19 0.18 1.14 6.4 mm

V 1.40 3 107 0.16 1.87 3 103 7.96 3 103 mm3

Shape factor lmid 993.62 0.94 15.28 128.38 mm

Shape factor ld 718.52 0.96 13.40 123.90 mm

Influence of anatomy on
closing pressure

tmean 7.06 0.20 1.33 8.2 mm

ld 59.24 0.43 3.85 41.9 mm

lmid 51.06 0.06 3.57 44.1 mm

wmean 22.61 0.84 2.38 22.5 mm

U2max linear fit 3.21 0.64 0.90 1.7 mm

U2max exp.fit 0.87 0.90 0.54 1.7 mm

bmin 0.55 8.3x1024 0.37 0.7 mm

A 1.43 3 105 0.66 189.15 997.2 mm2

Shape factor lmid 7.43 3 103 0.55 43.11 128.3 mm

Shape factor ld 7.89 3 103 0.57 44.41 123.8 mm

FE simulations of the influence of anatomical measures on tissue deformation and closing pressure. �y reflects the mathematical expectations of the
anatomical features.

A5 area; bmin5minimal airway space; FE5 finite element; ld5 length direct. lmid5 length midline; t5 thickness; u5 uvula length; U25maximal deformation;
V5 volume; w5width

TABLE IV.

Patient Demographics.

P G BMI
Thickness

(mm)
Width
(mm)

smin

(mm)
Area
(mm2)

Volume
(mm3)

AHI
pre

AHI
post

Pcrit

(cm H2O)

1 m 33.1 9.16 1.0 21.861.5 1.1 968686 881261262 41 30.7 21.2

2 m 25.9 6.56 0.5 24.264.1 1.0 10606182 689061275 19.1 15.2 20.4

3 m 25.2 6.56 0.5 29.864.2 0.3 14756209 958961543 50.1 53.4 20.1

4 f 27.0 8.56 1.2 13.366.0 0.5 5736260 485162306 18.1 19.2 24.1

5 m 24.3 9.46 0.8 23.066.1 0.8 10146275 951462709 18.0 5.6 21.9

6 m 26.9 9.16 0.9 22.763.6 0.4 8916153 811061603 11.1 3.1 20.7

Geometry of the soft palate, minimal airway space (smin), baseline and postoperative values of the apnea-hypopnea-index (AHI) and critical closing
pressure (Pcrit).

BMI5body mass index; G5 gender; P5Patient number.
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stiffness and tissue deformation. The mean thickness,

direct length, and mean width of the soft palate were

separately good fits to the FE model (Table IV). In order

to predict the effect more accurately we constructed a

“shape factor.” A shape factor of the soft palate is deter-

mined by the product of its length and width divided by

its thickness: s5 l � wmean/tmean. Since the sagittal shape

of the soft palate is angled at the base of the uvula we

determined to types of soft palate lengths, the midline

length (lmid) and the direct length (ld) (Figs. 3A and 3B).

Compared to using the volume of the soft palate, the

shape factor yielded a good correlation with the maximal

displacement of the soft palate due to gravitational loads

with the ld giving a marginally better fit than lmid (Table

V, Fig. 4). The length of the uvula and the volume of the

soft palate had a poor goodness of fit measure, indicating

a weak relationship between uvula length and soft pal-

ate volume and tissue displacement (Table V). One inter-

esting feature in our simulations was that the maximal

displacement of the soft palate might be an indicator for

soft palatal compliance and seemed to have a relation-

ship to closing pressure that was of a higher order (Fig.

5), but with only six simulations the results are still

uncertain.

In the FE model, the displacement of the soft palate

at the critical closing pressure (Pcrit) could be visualized.

The maximal displacement can be seen at the tip of the

uvula, but the location of the airway obstruction was at

the level of the lateral attachment to the pharyngeal

wall rather than at the distal end of the soft palate in

five of six patients (Figs. 6 and 7). The influence of the

soft palate anatomy on closing pressure was considered

in the same manner as with gravitational loads. The sin-

gle most reliable fit of the anatomic measures on the

closing pressure was the width of the soft palate (Fig. 8).

The Layered Soft Palate Model
The displacement of the soft tissue due to gravity in

the layered model was extremely small due to the stiff-

ness of oral mucosa used in the model. Adipose soft

tissue, musculature, and glandular soft tissue are compa-

rable in stiffness to the medium homogeneous model,

while the oral mucosa is at least one order of magnitude

stiffer than the medium homogeneous model. The mate-

rial parameters for oral palatal mucosa in the literature

are from the masticatory mucosa lining the dorsum of the

tongue, hard palate, and gingiva, and unsuitably stiff for

modelling the soft palate. We replaced the material

parameters of the oral mucosa with the values for the

medium homogeneous model and let the other soft tissue

parameters remain, thus creating a new mixed layered

model (Table II). The layered soft palate model is there-

fore not able to describe the material properties of the

soft palate appropriately and reflects the lack of sufficient

experimental data for soft palate mucosa. The effect of

the different compositions of soft tissue on the closing

pressure is illustrated in Figure 9. It reveals a more pro-

found difference between the material models in patients

with a more negative closing pressure. The higher the

closing pressure, and thus the more compliant the soft

palate becomes, the less the composition of the soft tissue

seems to matter. Similar to the homogeneous model, the

airway occlusion is primarily at the level of the lateral

attachment of the soft palate to the pharyngeal wall.

Strain
The total transverse strain of the soft palate,

defined as the posterior mid-sagittal point with the high-

est strain (LE11), correlates strongly with the closing

pressure (Figs. 10 and 11) with an R-square of 0.92. A

less negative closing pressure corresponds to small

strain in the transverse direction. The strains in the

LE22 and LE33 direction did not show the same degree

of linearity as LE11, with an R-square of 0.88 and 0.68,

Fig. 4. The shape factor of the soft palate and maximal displace-
ment (U2max) due to gravity. Red asterix and line5 shape factor
using the midline length (smid). Blue circle and line5 shape factor
using the direct length (sd).

Fig. 5. Minimum airway space (bmin), maximal displacement due
to gravity (U2max) and closing pressure. The maximal displace-
ment has a relationship to closing pressure of a higher order,
possibly exponential.
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Fig. 6. Displacement of the soft palate in the anterior-posterior direction (figures on the left), and in the vertical direction (figures on the
right). Patient numbers 1–6 from top to bottom (P1–P6).
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respectively. For LE22 maximum strain values were sit-

uated at the anterior (oral) part of the soft palate for

most of the patients and were generally smaller than

the maximum transverse strain. Based on the histology

study by Ettema and Kuhn, the palate has a layered

structure with a dominating collagen and muscle fiber

orientation in the transverse direction.8 For low tensile

strains the collagen fibers are curved (wavy) and do not

carry any significant stress. Almost all biological soft tis-

sues with collagen fibers embedded in an extracellular

matrix show a “knee point” in the stress versus strain

curve, eg, Gasser et al., 2006 and Skallerud et al.,

2011.30,31 Prior to this point, elastin provides some resis-

tance to strain. After this point, the collagen fibers

straighten out and provide a significant increase in

resistance to straining. Although our simulations are

based on a simplified hyperelastic material model that

does not account for the collagen, the strain levels com-

puted in the palates are in the low range where stiffness

is governed by elastin. Hence, our material model is rep-

resentative. Figure 10 demonstrates that the maximal

transverse strain is mainly located at the area of

obstruction, and not at the area of maximal

displacement.

The Minimal Airway Space
The minimum airway space was defined from the

CT scans in each patient as the minimum length from

the dorsal side of the soft palate to the posterior pharyn-

geal wall. The subsequent minimal airway space (bmin)

in the FE models was also determined for each patient.

In contrast to assumption there was no obvious relation

between bmin and Pcrit, with an extremely small R-

square (Table V) indicating that airway diameter alone

is not sufficient to predict airway collapse.

Effect of Nasal Surgery on the Soft Palate
The overall reduction of AHI in the group was

19.2%. Surgical success defined as a decrease in AHI of

50% or more was achieved in two out of six patients.

Four patients achieved a decrease in AHI by 20% or

Fig. 7. Point of contact between the velopharynx and the posterior pharyngeal wall in the sagittal and axial plane, defining the simulated
closing pressure in the FE models.
FE5 finite element

Fig. 9. Closing pressure in the supine position for different material
models. Increasing closing pressure corresponds to increasing
compliance of the soft palate.

Fig. 8. Individual anatomic measures of the soft palate and closing
pressure. Patients sorted by ascending closing pressure. The
mean width (green triangle and line) is the only anatomic measure
that yields a reasonable goodness of fit.
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more, and two patients experienced a worsening of the

condition defined as an increase in AHI by 6%. The Pcrit

and the medical data of preoperative AHI level showed

no linear relationship. Similarly, the Pcrit did not show a

linear relationship to change in AHI after nasal surgery.

A high AHI does not necessarily translate into a high

(less negative) simulated Pcrit and as a consequence the

FE-model of the soft palate and velopharynx does not

seem to be a suitable tool to predict the severity of OSA

or the outcome on OSA after nasal surgery.

DISCUSSION

Our FE models indicate that the individual shape

of the soft palate influences the closing pressure and the

stiffness of the soft tissue in the velopharynx. The evalu-

ation of passive mechanical behaviour of the soft tissues

in the upper airway is challenging because there will be

a neural driving mechanism in the airway musculature.

Pelteret and Reddy demonstrated in 2013 a considerable

difference in the displacement of the tongue due to grav-

ity in their FE model depending on whether active

muscle control was applied or not.30,32 Studies of para-

lyzed human airways, however, demonstrate that the

upper airways in OSA patients are more compliant than

in healthy subjects suggesting that geometric character-

istics alone can influence the biomechanical response of

the airway.33,34 The shape factor of the soft palate influ-

ences the tissue gravitational displacement in a positive

linear fashion and may be used as a way of determining

the level of tissue deformation due to posture in OSA

patients. Even though the mean thickness, length, and

width clearly shows a positive correlation to tissue dis-

placement, the combined value of the shape factor seems

to be more accurate (Fig. 4). The notion of a shape factor

based on combined geometric values may be applied to

other defined anatomical sites in the airway, ie, the

tongue or even the total pharyngeal soft tissue compart-

ment. The length of the uvula and the volume of the soft

palate both have an inappropriate fit and are unable to

explain the degree of displacement of the soft palate.

The concept of the critical closing pressure (Pcrit) is

widely used as a means to describe the collapsibility of

the airway.1,35 However, the upper airways cannot

Fig. 10. Total strain in the lateral to lateral direction. Sagittal plane to the left, axial plane to the right. Patient number 1–6 from top to
bottom (P1–P6).
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automatically be explained by a Starling resistor mecha-

nism, because it does not take into account the muscle

activity and biomechanical qualities of the velophar-

ynx.36 The minimum airway space is insufficient to pre-

dict the collapse of the upper airway and may be caused

by the fact that the displacement of the soft palate is not

merely in the anterior-posterior direction but has a ver-

tical component as well. Even though the maximal dis-

placement is at the distal end of the soft palate, the FE

models show that the airway occlusion is at the level of

the lateral attachment of the soft palate to the pharyn-

geal wall in all but one case. Consequently, surgical pro-

cedures involving the soft tissue in the distal part of the

soft palate are likely to have a limited impact on closing

pressure and the development of apneas, which is con-

sistent with the repetitively low success scores of soft

palate surgery on OSA outcome.37,38 Similar to the effect

of gravity on tissue deformation, the length of the uvula

and the volume of the soft palate do not show a linear

relationship to the closing pressure. Of all the anatomi-

cal landmarks, it seems that the mean width of the soft

palate is the most likely anatomical landmark that can

be correlated to the critical closing pressure. The shape

factor is not a predictor of closing pressure. However,

the maximal displacement of the soft palate may have a

relationship to the closing pressure that is not linear,

but of a higher order, possibly exponential (Fig. 5 and

Table V). A bigger sample size is necessary to identify

the maximal displacement as an indicator of soft palate

compliance and critical closing pressure (Fig. 4). The

macro anatomy seemed to have a more substantial influ-

ence in patients with a less negative closing pressure,

while the effect of the difference in soft tissue composi-

tion was more pronounced in patients with a stiffer soft

palate and a more negative closing pressure (Fig. 6).

Difference in soft tissue composition may therefore have

a larger clinical impact in social snoring or patients with

mild to moderate OSA than in patients with more severe

upper airway collapse. It does not, however, mean that

the layered model is inferior to the homogeneous model

in severe OSA. Rather it points to other areas of the

upper airway that may contribute to the disease in

severe cases of OSA.

There seems to be a strong correlation between

total transverse strain and closing pressure in our mod-

els (Fig. 11). In our model, the soft palate resembles a

plate that is fixed at three sides (hard palate anteriorly,

bony attachments to each lateral side) and free at the

fourth distal end in the direction of the uvula. In the

mid-sagittal plane, the boundary conditions resembles a

cantilever type, and the strain is dominated by bending

strain due to the curvature along the longitudinal y-axis

(LE22). In the transverse plane, due to the boundary

conditions, the strain will be a combination of bending

(due to the curvature along the transverse x-axis) and

membrane tension (LE11). In this transverse plane,

membrane strain in the longitudinal y-axis (LE22) does

not develop as the distal uvula end is free. Thus, the

strain along the transverse axis (LE11) was of largest

interest and was used to check for correlation against

closing pressure. This also has a link to the anatomical

measure of soft palate width, that showed a correlation

to closing pressure.

The strain along mid thickness in the lateral to lat-

eral direction describes mainly membrane strain. In

some patients, we saw a tensile membrane strain on the

posterior side of the soft palate, but a compressive strain

on the anterior side. This can probably be explained by

an additional large bending contribution as well, mean-

ing that there is a curvature in both the x and y direc-

tion giving bending strains in both directions. The

membrane strain at mid thickness is superposed to this

(on the posterior side the curvature in the y-direction

gives a tensile bending strain in addition to tensile mem-

brane strain. On the anterior side the curvature gives a

compressive bending strain that is superposed to the

membrane strain). The total transverse strain is the

dominant strain components except in patients 2 and 4.

In patient 2, bending strain and membrane strain have

approximately the same order of magnitude (therefore

maximum principal strain seems to be compression at

both sides of the soft palate), but the total strain value

fits the linearity when plotted versus closing pressure.

In patient 4, the closing of the airway occurs very close

to the attachment of the soft palate to the lateral airway

walls. One can also note that the soft palate width in

this patient is about half the size of the others (Table

III). This leads to the upper airway negative pressure

being carried to a much larger extent by shear stresses

and bending stresses, ie, the transverse membrane

stress and strain are less compared to the other

patients. Since the strain cannot be regarded as a mea-

sure of total transverse strain this case is not included

in Figure 11. It should be mentioned that we neglect any

neuromuscular activation. The striated muscle fibers in

the palate provides a contraction reflex when the palate

Fig. 11. Strains and closing pressure. LE11 (red circles and line)
shows a better linear fit that LE22 and LE33. One should note that
although a linear correlation between strain and pressure is
obtained, the linear curve does not go through the origin. Hence,
one should be careful in using this result for closing pressures
near zero. The palatal load for patient 4 is mainly dominated by
shear stresses and bending stresses and is therefore not included
in the plot.
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approach closure. Studies show that this reflex and cor-

responding activation level is significantly reduced com-

pared to healthy persons, as reported previously.39,40 Not

accounting for the reduced muscle activation in sleep

apnea patients may be considered as a conservative

approach to predict the closing pressure. Further studies

should be carried out in order to resolve this issue.

Surgery of the distal part of the soft palate as an

isolated procedure is no longer advised41 due to unsatis-

factory results with failure in 40–60%42 and long-term

side effects such as dysphagia, globulus sensation, velo-

pharyngeal insufficiency, and xerostomia in a mean of

58% of the patients.43,44 This is consistent with our

results in that the distal part of the soft palate does not

seem to be the most prominent site of obstruction when

it comes to high obstructions.

We found no correlation between minimum airway

space and the critical closing pressure (Table V). The

exact positioning of the lower jaw during medical imag-

ing can influence the minimal airway space of the upper

airways and no standard method has been introduced to

minimize bias in this regard. The impact of observed air-

way space should therefore not be relied upon to give

solid information on the degree of obstruction in the

velopharyngeal area. In order to reduce such systematic

error, we had all patients fitted with a 20-mm mouth-

piece during the imaging procedures.

Nasal surgery relieves symptoms in most OSA

patients45,46 and is known to reduce the number of

apneas to some degree.47 However, no guidelines exist as

to what type of nasal surgery to perform and no method

is available to predict the surgical outcome. In addition

to increasing the compliance for pressure devices, the

surgical alterations in the nasal cavity are reported to

reduce the AHI by 50% in 15% of the patients.47,48 We

found an average reduction in AHI of 19.2% and a surgi-

cal success in 33% three months after nasal surgery. All

patients had septoplasty and turbinectomy performed.

There was no correlation between simulated Pcrit and

preoperative AHI in our study. The patient with the

highest AHI preoperatively also had the least negative

simulated Pcrit, which could have been an indication of a

relationship between the preoperative AHI values and

the FE model. However, none of the other patient data

gave support to this view. This suggests that the effect

on OSA outcome in nasal surgery is more likely depen-

dent on the structural intranasal alterations induced by

the surgery itself or on changes in other parts of the

upper airway secondary to the restoration of nasal

patency, possibly by inducing a switch from oral to nasal

breathing which enables normal muscular neuroregula-

tion in the pharynx as well as creating a larger antero-

posterior diameter in the retroglottic area.48,49 It is

worth mentioning that our patients had surgery done in

the anterior part of the nasal cavity which includes the

posterior part of the nasal vault, which may be an area

of importance in OSA patients.50 Since nasal surgery

does create change in the upper airway compliance, it

may be used as a tool to investigate the changes in

upper airway biomechanics using FE simulations. A FE

model that comprises solely one anatomic feature seems

to be insufficient to comprehend all relevant effects of

OSA. A more extensive model including the nasal cavity,

the soft palate, the tongue, the epiglottis and the hypo-

pharynx might increase modelling accuracy.

Even though the soft palate is the most important

site of airway collapse in patients with oropharyngeal

obstructions,35 its biomechanical properties are less

researched and it is usually modelled as linear-elastic

and homogeneous, instead of hyperelastic, nonlinear and

heterogeneous. The available full 3D models are usually

expensive to conduct and in most cases the data is

derived from a single patient. A larger study population

will therefore be necessary to obtain clinically valid

data.

Strengths and Limitations
The hyperelastic and nonlinear model of the velo-

pharynx and soft palate represents a new approach to

evaluate the biomechanics of the upper airways. Former

research on the topic is scarce, and 3-D simulations are

mostly confined to single patient studies due to high

computational costs. The inclusion of six patients enhan-

ces the chances of creating a more reliable model, and

an even larger study population would be preferable.

However, the FE models are only an approximation of

the actual anatomic site and velopharyngeal function.

Larger study populations that include the hypopharynx

and larynx are needed in order to verify the relationship

between upper airway anatomic landmarks, maximum

deformity of the soft tissue, total transverse strain and

Pcrit. In particular the relation between anatomical fea-

tures versus membrane strain and bending strain needs

further studies with larger cohorts. The resolution of the

CT scans restricts the FE models, and particularly the

study of histologic structures. The relationship between

the solid soft tissues and the fluid within the airways

have not been investigated, hence the influence of fluid–

structure interaction is not accounted for.

CONCLUSION

Our FE simulations indicate a correlation between

anatomic measures, displacement of the soft palate, and

OSA, as well as a correlation between total transverse

strain of the soft palate and closing pressure. Previous

modelling of the soft palate does not take into account

the hyperelastic properties of the soft palate, or the pos-

sible effects of the different soft tissues that constitute

the palate or the forces caused by its lateral attachment

to the pharyngeal wall. FE simulations applying hypere-

lastic, nonlinear, and heterogeneous material models

show that the primary site of obstruction of the soft pal-

ate in OSA is at the level of the lateral attachments

rather than at the distal part of the soft palate, and this

observation may explain the relatively low success rate

observed in single soft palate surgery in OSA patients.

The closing pressure is correlated to total transverse

strain and FE simulations may represent a possible way

to predict closing pressure in the velopharynx, but the

possible interaction of neuromuscular activation on

strain should be accounted for in future studies. The FE
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simulations indicate that the soft palate may not repre-

sent the primary site of critical closing pressure in OSA

after nasal surgery. FE models of larger sections of the

upper airway are needed to predict Pcrit and OSA sever-

ity more accurately. Soft tissue biomechanics and fluid

structure interaction will be of increasing importance in

the planning of surgical interventions in obstructive

sleep apnea and upper airway disorders.
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