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Abstract. A method for computing the interaction between the air-
flow and the soft tissue during an Obstructive Apnea is presented. It
is based on simplifications of the full continuum formulation (Navier-
Stokes and finite elasticity) to ensure computation time compatible with
clinical applications. Linear elasticity combined with a precomputation
method allows fast prediction of the tissue deformation, while an asymp-
totic formulation of the full Navier-Stokes equations (Reduced Navier-
Stokes/Prandtl equations) has been chosen for the flow. The accuracy of
the method has already been assessed experimentally. Then, simulations
of the complete collapsus at the retroglossal level in the upper airway
have been carried out, on geometries extracted from pre-operative ra-
diographies of two apneic patients. Post-operative geometries have been
also used to check qualitatively if the predictions from the simulations
are in agreement with the effects of the surgery.

1 Introduction

The Obstructive Sleep Apnea Syndrome is now identified as a major health care
topic, which affects a growing part of the population in the western countries [1].
At least, 2 % of the women and 4 % of the men suffer from this disorder [2]. Its
main consequences are excessive daytime sleepiness and an increased risk of car-
diovascular diseases [1]. Fundamentally, it is caused by the interaction between
the respiratory airflow and the soft tissue in the pharynx [3]. Physical modelling
of this complex phenomenon is of interest both for going deeper into the under-
standing of its mechanisms and for further improvements of the treatments. In
particular, realistic numerical simulations of the interaction between the airflow
and the pharyngeal structures during Obstructive Sleep Apnea, on geometries
obtained from medical imaging, might be helpful for the clinician or the surgeon,
who attempt at modifying the geometry or the mechanical properties of the up-
per airway. In this perspective, two prerequisites should be considered. The first



is that the simulations should be validated experimentally, so that the clinician
may trust their predictions. The second is that computational cost in a clinical
context should be low. Indeed, for this problem, the best method would be to
solve accurately the full unsteady Navier-Stokes equations in interaction with
soft tissue governed by non-linear viscoelastic behaviour, in large deformations,
using tridimensional data such as CT-scans or MRI. However, this complete
formulation is very difficult to solve numerically (convergence problems on real
in-vivo geometries) and requieres hours if not days of computations [4] [5]. A
reasonable objective for clinical applications should be a simulation time of less
than one hour, or even of a few minutes, so that many simulations, involving
different modifications of the morphology or of the tissue properties, should be
carried out one after the other. Therefore, the objective of this paper is to present
numerical simulations that meet these two prerequisites, which has never been
done before for Obstructive Sleep Apnea®. The method, as well as the framework
for simulations, is first explained in section 2. In particular, the simplifications in
the assumptions and in the numerical solving, in view of the second prerequisite,
are given. For the first prerequisite, systematic comparison to in-vitro measure-
ments has already been proceeded and is detailed in [8] [9] [10], so we focus
here on simulations from in-vivo data. Therefore, in section 3, the simulation of
an apnea is detailed, followed by confrontation between simulations from pre-
operative and post-operative data, which will provide a preliminary qualitative
in-vivo evaluation of the method.

2 Material and Methods

The construction of a patient geometry from a radiography is first described,
followed by the method of computation for simulations. Finally, the choice of
values for physical parameters and the estimation of the reference configuration
after the application of gravity are detailed.

2.1 Extraction of the Geometry from Sagittal Radiographies

The upper airway geometry of two apneic patients was obtained from sagittal
radiographies. These two patients undergone maxillomandibular surgery: their
maxilla and mandible were translated forward in the antero-posterior direction,
of approximatively 8 to 10 mm. Two acquisitions took place for each of them: one
before and one after the surgical intervention, at approximatively one month of
interval. The main interest of the radiographies is to dispose of the post-operative
data, since in the normal surgical protocol, no MRI or CT-scans are taken after

5 Most of the simulations for biomechanical processes at the macroscopic level involv-
ing fluid-structure interaction are devoted to blood flows or to the pulmonary airway.
To our knowledge, the only published numerical simulations for Obstructive Sleep
Apnea are those of B. Shome and coll. [6], focused on the fluid flow (no interaction
with the soft tissue), and of A. Malhotra and coll., in which computation time is not
indicated and which have not been validated experimentally [7]
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Fig. 1. Segmentation of the pre-operative (PreOp) and the post-operative (PostOp)
radiographies of apneic patient no. 1. The initial mesh and the borders of the tongue
are displayed in purple, while the posterior pharyngeal wall is in green

the intervention. Table 1 provides patients clinical information. In particular, the
Apnea-Hypopnea Index (AHI) drops dramatically after the intervention, which
shows the efficiency of the surgical gesture.

From each radiography, a bidimensional model of the tongue has been ex-
tracted. First, landmarks have been manually positioned in order to determine
the border of the tongue. From these landmarks, a mesh has been generated. It
is a structured, isoparametric mesh, as in [11], made of 216 quadrilateral linear
elements. The posterior pharyngeal wall has been considered in a first approxi-
mation as a straight segment. The airway is naturally delimited by the base of
the tongue and the posterior pharyngeal wall. An example of segmentation is
depicted in figure 1. For the two patients considered in this paper, segmentations
have been validated by a clinical expert.

2.2 Computation of the Fluid-Structure Interaction

As pointed out in the introduction, since our objective is a low computational
cost, some simplifications in the formulation of the problem have been adopted.
First of all, in agreement with the clinical data at our disposal, a bidimensional
formulation has been chosen, both for the soft tissue and for the airflow. More-
over, the problem is considered as quasi-steady, since the duration of the closure
lasts about a few seconds. This allows to solve the fluid-structure interaction us-
ing a segregative method: the equations that govern the fluid and the structure
are solved alternatively [12]. For the soft tissue, small deformations and small
displacements assumptions have been thought as suitable. This is different from
a context such as speech production where large deformations are involved [13].
The material has been chosen as homogeneous, isotropic and linear (Hookean
material). The resulting equations are solved using the finite element method
[14]. Within this framework, the relationship between the nodal displacements
{u} and the nodal forces {F} is linear:

[K]{u} = {F}, (1)
where [K] is the stiffness matrix [14]. Then, a method of precomputation, sim-
ilar to the one detailed in [15], has been used. It consists in computing the invert



of [K] before entering into the fluid-structure interaction loop. Ansys(TM) soft-
ware was used at this effect. As the displacement at each node is simply obtained
from a matrix multiplication at each step of the fluid-structure interaction loop,
the precomputation of the invert of [K] saves a great amount of computation
time. The airflow has been considered as :

— incompressible : the Mach number is of the order of 1072 [8],

— laminar : the Reynolds number is of the order of 103 [8]. We neglected the
turbulent effects due to shear instability in the jet that appears downstream
the base of the tongue. In fact, the flow may be transitional, but, as shown
in the experimental study [8], laminar regime remains a satisfying first ap-
proximation.

— stationnary : the Strouhal number is of the order of 1073 [8]. Moreover, the
displacement speed of the soft tissue is very slow in comparison to the char-
acteristic time of the flow, so that unstationnary effects should be neglected
in the fluid®.

Working at Reynolds number of the order of 103 allows to use an asymptotical
simplification of the incompressible Navier-Stokes equations:

U0zl + V05U = —0zp + Ozl (2)
- yﬁ = 07 (3)
dzu + 050 = 0, (4)

where (@, ?) are the longitudinal (Z) and transverse (f) components of the
fluid velocity, and p is the pressure [16]. All the variables are nondimensional:
7 =x(hoRe)™ L, §j = yhal, p=PUdHL a= qu_l, U= vRer_l. ho is the
transversal dimension of the pharyngeal duct, Uy is the mean longitudinal speed,
and Re is the Reynolds number (Re = Uphg/v, with v the kinematic viscosity
of the air). This simplification, called Reduced Navier-Stokes / Prandtl (RNSP)
equations, allows to take into account the boundary layer formation and the
separation of the fluid after the narrowing of the pharyngeal duct, at the base
of the tongue. Furthermore, it allows fast and efficient numerical solving, based
on a finite difference scheme [16]. For more details about the assumptions, the
mathematical formulation and the numerical solving, one can refer to [9] [10].
Finally, the method has been extensively validated thanks to comparison with
pressure and deformation measurements on an in-vitro setup. For the computa-
tion of the fluid flow, the above assumptions and the RNSP equations have been
validated on a rigid setup [8]. For the fluid-structure interaction, a deformable
setup has been used [9] [10]. As a result, the first prerequisite is satisfied. For the
second prerequisite, the duration of the computations is typically of the order of
20 minutes (see 4.1), which can be considered as correct for clinical applications.

5 in opposition to applications such as snoring or speech production in which it would

not be the case



2.3 Framework for the Simulations

Table 1. Information on each patient, after pre-operative ("PreOp’) and post-operative
("PostOp’) examination. ’AHI’ is the Apnea-Hypopnea Index, which is the number of
obstructive events per hour of sleep, measured during polysomnography. k¢ is the con-
striction height in vertical position, awake, as it is measured from the sagittal radio-
graphies. h! is the constriction height in a sleep supine position, after the application
of the gravity loads

Patient 1 2
Examination||PreOp|PostOp||PreOp|PostOp
AHI 80 8 49 0

h% (mm) 59 (141 |66 [16.8
hf (mm) 1.5 [10.5 1.8  [129

For each bidimensional model, the plane strain assumption has been chosen.
The depth” has been fixed to 30 mm. It corresponds to a mean value of the
depth of the oropharyngeal airway. The Poisson’s ratio has been fixed to 0.499.
It stands for quasi-incompressibility, in agreement with the fact that the soft tis-
sues are mostly made of water. The same value for the Young modulus has been
used for all the simulations: 6 kPa. It corresponds to tissue in passive configu-
ration [7]. The boundary conditions are the following: the tongue is attached to
the mandibulae and to the hyoid bone, which have been considered as immobile,
in agreement with remarks from the clinical expert. Then, before the simula-
tions of the interaction with the airflow, the influence of the gravity has been
simulated. Indeed, as the radiographies were taken in vertical position, during
wakefulness, a new configuration corresponding to sleep in supine position has
to be computed. The norm of the gravity field g has been fixed to 9.81 m.s2.
The density p of the tissue has been fixed to 1000 kg.m~3. The configuration
obtained after the application of gravity loads has been considered as the refer-
ence configuration for all the computations described in the next section. Table
1 gives some information about the deformation induced by gravity, especially
the minimal height of the duct, at the extremity of the base of the tongue. It
has been called the constriction height h..

3 Results

Simulations have been carried out on the oropharynx models built from the
sagittal radiographies, before and after surgery. Comparison of the tongue de-
formation in response to inspiratory airflow allows us to check if the predictions
from the simulations are in agreement with the consequences of the surgical in-
tervention. In order to generate an inspiratory pattern, the inlet pressure has

7 or the dimension in the direction orthogonal to the sagittal plane



been fixed to 0 Pa while the outlet pressure decreases from 0 Pa to a negative
chosen value P; Pa.

3.1 Simulation of an Obstructive Apnea
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Fig. 2. Simulation of the upper airway obstruction from pre-operative data. (a) Initial
configuration. (b) Final configuration. (c¢) Constriction height. (d) Airflow rate ¢

On figure 2 is depicted the simulation of a complete upper airway collap-
sus. The geometry is extracted from the pre-operative data of the patient no. 1.
The constriction height h. decreases from its initial value to 0 mm (figure (c)),
at which collision with the posterior pharyngeal wall is detected (figure (b)). In
parallel, the airflow rate ¢ increases with the pressure drop AP until approxima-
tively 80 Pa, where the maximal value of 17.51/min is reached (figure (d)). After
80 Pa, the flow rate ¢ decreases as the pressure drop AP is increased. In this
part of the curve, the relationship ¢(AP) is approximatively linear. This phe-
nomenon of flow limitation is caused by the narrowing of the pharyngeal duct,
which effect counterbalances the increasing pressure drop. It has been observed
in clinical conditions during a hypopnea, which are caused by partial closure of
the upper airway [17]. Finally, when the pressure drop AP reaches approxima-
tively 300 Pa, the flow stops as the airway is closed. This complete closure of the
airway in response to inspiratory airflow corresponds to an obstructive apnea.
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Fig. 3. Simulation of the upper airway obstruction from pre-operative data. (a) Velocity
of the fluid at the level of the constriction (isovalues). (b) Von Mises strain

More details about the kinematics are given in figure 3. The figure 3 (a)
depicts the flow velocity in the pharyngeal duct during the closure (when AP =
145 Pa and ¢ = 14.8 1/min). The phenomena already mentionned in 2.2 of flow
separation and of jet formation can be observed. On the figure 3 (b), the Von
Mises strain distribution at the end of the simulation, after complete closure,
has been plotted. The mean value is of the order of 5 %, which confirms the
small deformations assumption. The peak values, of less than 20 %, are at the
level of the mandible and of the hyoid bone (fixed nodes).

3.2 Comparison between Pre-Operative and Post-Operative Data
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Fig. 4. Comparison between pre-operative and post-operative simulations. (a) Airflow
rate ¢ as a function of the pressure drop AP. (b) Constriction height h. as a function
of ¢. The arrows in the pre-operative curves show the direction of increasing AP (from

the initial configuration to the complete closure)

In a second step, a simulation has been carried out on the geometry extracted
from post-operative data of the same patient. The pre-operative and post-ope-



rative results are overlaid in figure 4. The airflow rate ¢ has first been plotted
as a function of the pressure drop AP between the inlet and the outlet of the
oropharynx (figure (a)). For a typical value of ¢ of 10 1/min, which is of the
order of the rate recorded during sleep [18], it can be observed that:

— on the pre-operative simulation, the pressure drop AP associated to ¢ is
approximatively 200 Pa.

— on the post-operative simulation, the same flow rate is obtained with AP
close to 0 Pa (less than 1 Pa).

Indeed, the pre-operative case corresponds to a pharynx which is very nar-
row (~ 1.5 mm) and thus very collapsible. Therefore, it is very resistive to the
transit of the airflow. Conversely, in the post-operative case, the pharynx has
been enlarged up to 10.5 mm so that it could be approximatively considered as
a straight rigid duct, which offers few resistance to the airflow. Moreover, in the
pre-operative case (figure (b)), as the flow rate ¢ is increased, the constriction
height decreases down to a value of approximatively 65 % of the initial height,
when ¢ reaches its maximum (~ 17.5 1/min). Then, both the constriction height
and the flow rate decrease, until complete obstruction. In the post-operative
case, the initial constriction height is so high that no significant decrease can be
observed.

For the patient 2, the behaviour of the model is the same as for patient 1. In
the pre-operative case, the occlusive pressure® Py is respectively of 295 Pa and
of 260 Pa for patients 1 and 2. The maximal airflow ¢4, is approximatively
18 1/min (17.6 1/min for patient 1 and 18.1 1/min for patient 2). For the two
patients, no significant variation of the constriction height can be observed in
the post-operative case.

4 Discussion

4.1 Clinical Interest of the Simulation Software

First, the two simulations from pre-operative radiographies predict an important
predisposition to complete closure, while there is no more significant impact of
the airflow on the upper airway deformation in the post-operative case, when
the pharynx has been enlarged. This is in good agreement with clinical data (see
table 1). This can be considered as a first qualitative in-vivo validation of the
simulations. The second point is that the simulation time is of the order of 20
mn®. This makes the software compatible with clinical applications'®. Moreover,

8 the value of the outlet pressure Ps for which complete closure occurs

¥ for a non-optimal version of the software, which actually is built in Matlab(TM) -
software optimization should lead to computation times of a few minutes

10 The time constraints due to clinical practice are difficult to estimate with precision,
and might be relativized as other tasks, such as imaging or polysomnography, are



with our method, it is not difficult to change the geometry from one patient to
another. Indeed, a new geometry of the tongue corresponds to a new matrix K
in the fluid-structure interaction loop (see section 2). This matrix can be easily
obtained from segmentation on a radiography followed by a precomputation
step. These points are important aiming at simulations for clinical studies or for
examination of the effects of a given treatment (surgery or mandibular splint).

4.2 Actual Limits and Perspectives

The assumptions stated for these simulations could appear as very restrictive
and one could wonder whether they do not prevent from taking into account
important aspects of the phenomenon. However, a long work of physical analy-
sis and of experimentation has been done in order to proove they are correct as
a first approximation [8] [9] [10]. Moreover, as regarding the accessible medical
data, more general assumptions and a more sophisticated formulation would be
superfluous for the moment. Indeed, postoperative CT-scans or MRI, necessary
for validation of a 3D model, are not currently available. Concerning the soft tis-
sue, before envisaging a more complex behaviour (hyperelastic or viscoelastic),
the first task would be to determine accurately their Young modulus. A first
estimation has been taken from [7], but it would be better to proceed to in-vivo
measurements of the tongue rheology on apneic patients, with an instrument
such as the one described in [19]. This will be the first short-term perspective of
this work. The second short-term perspective will be to obtain a larger sample
of sagittal radiographies, so as to confirm our first results. Concerning long-
term perspectives, an important one would be to extend the formulation to the
tridimensional case, using CT-scans or MRI, which will of course allow to take
better into account the complex morphology of the upper airway. Other sites of
obstruction, such as the velopharynx or the hypopharynx [20], should be also
explored. The choice of the oropharynx has been suggested by the treatment,
as maxillomandibular surgery affects mostly this site. Another long-term per-
spective would be to build models from less restrictive assumptions, and to test
through comparison with in-vitro and in-vivo measurements the impact it has
on accuracy and on computation time.
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