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SUMMARY

This paper presents a three-dimensional finite element hobtiee tongue and surrounding soft tissues with
potential application to the study of sleep apnoea and glilstics and speech therapy. The anatomical data
was obtained from the Visible Human Project, and the undeglhistological data was also extracted and
incorporated into the model. Hyperelastic constitutivedele were used to describe the material behaviour,
and material incompressibility was accounted for. An a&ctiill three-element muscle model was used
to represent the muscular tissue of the tongue. The neumallss for each muscle group was determined
through the use of a genetic algorithm-based neural comimolel. The fundamental behaviour of the tongue
under gravitational and breathing-induced loading is stigated. It is demonstrated that, when a time-
dependent loading is applied to the tongue, the neural msdéle to control the position of the tongue and
produce a physiologically realistic response for the gglogsus. Copyrighto) 2011 John Wiley & Sons,
Ltd.
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1. INTRODUCTION

The investigation of diseases involving the upper respiyatract requires a good understanding
of the complex interaction between the air flowing through #ystem and the tissues in the
oropharyngeal region. Syndromes such as obstructive sipapea (OSA) exhibit a complex
patho-physiology that is difficult to understand complgtgding current experimental techniques.
The understanding of the fundamentals of all aspects of ugip@ay respiratory mechanics is
becoming increasingly important as these and other disetiEEome more prevalent. To this end, a
computational model of the tongue and surrounding tissu#ss human upper airway is presented
to further the comprehension of the active mechanics ofisiseés in the presence of airflow.
Numerous models of the tongue have been developed by thesbi@nics community in order
to study speech productiof,[2, 3], active muscle kinematicg5, 6, 7, 8], respiratory mechanics
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2 J-P. V. PELTERET, B. D. REDDY

[9, 10], and the patho-physiology of anatomical defects and thectsf of surgical interventions
[11]. All of these models have in common the ability to describdividual muscle activation
that produces motion due to the contraction of particulaseteigroups. However, the underlying
description of the constitutive models describing musdatiaction, as well as the degree of
accuracy to which they capture the complex underlying miasare histology, differ considerably.

Martins et al.L2, 13] describe a muscle model, developed from an energetic aawpthat
encompasses all of the fundamental properties exhibitetthdgkeletal muscle out of which the
tongue is composed. This description of contraction is dgmmsed into distinct parts, each of
which have been experimentally validated for different adeigroups 14, 15]. The construct of
this model is similar to that described by Wilhelms-Tricéti, as both of these models account in
a similar way for the force-length, force velocity and aation properties intrinsic to muscle fibre
functioning.

A component that is not satisfied by any of these models isahtite control of the activation
function. The tongue is very complex and a number of muselesised simultaneously to control
its movement at any one time. For the most part, the deseniif dynamic control inputs has
been overlooked. It would appear that each of these modegisres predefined descriptions for
the activation level, or control signal, governing each oieisHuang et alq] took the first steps
in addressing this problem in OSA research by correlatirgatttivity in the genioglossus to the
surrounding air pressure. This formed a feedback loop taased the genioglossus to contract
when the surrounding air pressure reduced sufficiently ggntte draw the tongue into the throat.

The focus of this research is to describe the developmentafdel that could be used to model
disorders such as OSA. Both the macroscopic anatomy andsoimpic histology are captured in
detail and the nature of skeletal muscles and other tissads be described by realistic constitutive
laws. Active muscle contraction is incorporated and is miletd by a neural control model. The
neural model accounts for the unpredictable non-lineaordedtion of muscular tissues due to
complex forces, and controls motion in the absence of megéniexperimental data that can be
used to describe muscle activation for all muscle groupsl tiggroducea priori deformation.
Space-and-time-dependent forces are present due to olggrugture causing different orientations
of gravitational body forces, respiration and airway getsgpeausing changes in airway pressure
and muscle contraction itself.

2. IMAGING, DATA EXTRACTION AND MODEL CONSTRUCTION

The anatomical dataset used to construct the computatieoahetry was sourced from the Visible
Human Project 16]. Photographs from the female donor, taken at a resolutfognom®, were
imported at their full resolution into the commercial safie Mimics [L7]. Individual anatomical
features were extracted using manual segmentation toihbsaw emphasis on retaining anatomical
accuracy. Figurdaillustrates the masking process of the body of the tonguedibée, hyoid,
epiglottis and surrounding soft-tissue.

The tongue is a histologically complex organ comprising atoas interwoven muscle groups.
Visible in the reconstructed high-resolution data set Wwagitoss directionality of the muscle groups
that constitute the body of the tongue. Fibre data for eachciawgroup was defined in Mimics
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COMPUTATIONAL MODEL OF SOFT TISSUES IN THE HUMAN UPPER AIRWA 3

(b) Definition of muécle fibre position and
direction data

(a) Segmentation of anatomy

Figure 1. Extraction of anatomical data in Mimics (mid-siégjgplane)

by manually selecting regions of each muscle group that hsithdar directionality. Figurelb
demonstrates the process in the orientation-definitionbwé fbundles for the medial portion of
the fan-shaped genioglossus. Here it was assumed thatrab filithin each cylindrical bounding
box have a similar orientation. Muscle groups that were gl visible in the photographs were
extracted by consulting anatomical literatufie3[ 19, 20]. A total of 18 unique muscle groups,
illustrated in figure2, with differentiation between left- and right-side musclevere included. Six
of these muscle groups originate from a fixed anatomicatsira that is external to the tongue
body.
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(@) Genioglossus anterior (GGah) Superior longitudinal (SL,(c) Styloglossus (SG, red), stylohyoid (SH,

red), medial (GGm, green), postegreen), inferior  longitudinal blue), digastric (DG, orange) and hyoglossus
rior (GGp, blue) and geniohyoid(IL, pink), transverse (TV, red), (HG, green)
(GH, yellow) verticalis (VT, blue) and mylohyoid

(MH, orange)

Figure 2. Micro-scale hystological data defined for the imdgtaset

Anatomical data was subsequently imported into ICEM CED for surface definition, assembly
and meshing. The dataset used is not ideal for this work afeatime of imaging, the tongue
is not in a natural position (it was clamped between the sibjéeeth). Due to this, as well as
the complexity of the anatomy in histology, shape and pannectivity, minor alterations and
simplification were performed to produce a high-qualitylyfuhexahedral model. Literature in
human physiology referencesd, 19, 20] was again used in order to ensure that the integrity of
the model was preserved.

The dataset of the micro-scale fibre directionality was sgbently imported into the macro-scale
geometry, providing a perfect match between the two dagasée genioglossus was represented
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4 J-P. V. PELTERET, B. D. REDDY

by three independently controlled functional units, namile anterior, medial and posterior
components, as discussed by Miyawaki eal.fand used elsewher@3, 4, 7]. Due to the general
constitutive framework given in sectié?, the description of the muscle model described in section
5.2 and the fact that the fibre and anatomical datasets comdspa@ctly, there was no requirement
for the mesh to align with the direction of any of the undertyfibre groups. The underlying muscle
histology data was interpolated directly onto the consedienesh.

3. CONTINUUM MECHANICS

3.1. Kinematics with a zero strain configuration

The non-linear motiop, mapping points in the reference configuratiayito points in the current
configuratiorn?, is defined byc = ¢ (X, t) and the deformation gradient associated with the motion
is given byF = Vx¢p = I + V xu where the spatial gradient is taken with respect to the nadter
coordinate system.

We account for the pre-strained and pre-stressed configni@tthe geometry extracted from the
images by defining an additional configuration state, nartielyero-strain configuration.

We choose to define an initial configurati@n that is not necessarily the same as the reference
configuration. In order to accomplish this, we redefine thal eformation gradient as

F = FcrFR 1)

so that the total deformation gradient is multiplicativégcomposed into two motions wifig; and
Fcr respectively mapping points from the initial to the refereronfigurations and the reference
to current configurations.

3.2. Constitutive equations for fibrous hyperelastic mater

A strain-energy function (SEF) that governs the behavidargeneral fibrous hyperelastic material
is given by P4, 12, 25]

b= (10, Af) =y (J) + dartbar (I, 13) + . dptor (Ar) @)
f

with the rule of mixtures6, 27], valid for incompressible materials, applied to descthmEvolume
fractions of the constituent components

dr+ Y b =1 3)
f

The first term in 2) describes the volumetric response of the material with det (F'). The second
term describes the isochoric respose of a general bulk iakéth the description given in terms
of invariants of the isochoric part of the left Cauchy-Greéensorb = J—3 FF”. The third term
introduces isochoric anisotropic contributions from aryds that may be embedded in the bulk
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COMPUTATIONAL MODEL OF SOFT TISSUES IN THE HUMAN UPPER AIRWA 5

material and are dependent on the fibre stretck= /N ; - C Ny, whereN ; is the fibre direction
defined in the reference configuration.

Note that this formulation allows for the presence of mudtipnterweaving fibre families at
any point in the domainZp]. The bulk material can therefore be one that is isotropitaxially
orthotropic, transversely isotropic or completely anigpic. Fibre families are assumed not to
interact with one another through the action of friction oy @ther direct mechanism. The overall
response is, however, coupled.

Since the fibres now have a finite volume, they are requiredstam transverse and shear loads.
However, the material model for the fibres describes onlattial loading response of the fibres. It
is assumed that the transverse and shear loading respoa$ibref bundle is the same as that of the
underlying matrix. The overall Kirchhoff stress at any goimthe domain is given by28, 26]

T=7,(J) +ouTnm (13, 1D) +Z¢f7'f (Af) (4)
f
=Ty T+ ) 0y (Afw} — D165 (T iy ®nf)> ny@mnys ()
f f
T +TM +Z<Z>f)\f1/)}nf ®nf (6)
f

where @) gives the stress with a fibre description in the current goméition that can hold transverse
and shear loads, anél)(has the transverse and shear loading processed out abddsnr[26] for
multiple fibre families. Since the fibre volume fraction ighiand the passive component of muscle
fibre is very compliant at low stretch and only resists tendéformation, this model does not easily
describe behaviour representative of the experimentddtgined relationships passive muscular
tissue (e.g.29)) as there is little resistance to deformation in the fibmection, and no resistance
in compression3(]. We therefore choose to keep the matrix stress componéme ifibre direction,
resulting in @), which better reproduces the stress-strain relatiosstityserved in the experimental
data but introduces an extra stiffness component in the diibeetion under tensile deformation.

4. LINEARISATION AND FINITE ELEMENT IMPLEMENTATION

A three-field functional that describes potential energyhia system is develope@1, 32]. This
functional, which exploits the additive split of strainezgy function, is given by

(.0, A, p) = L {[&Vm (6) + viso (b, Xf)] +p(J —0) + A (6 — 1)} dQ — TI (), = Stationary
(1)

where is a function of the dilatatiory is a Lagrange multiplier interpreted as the hydrostatic
pressure and\ is a Lagrange multiplier enforcing the incompressibilignstraint andI (¢)q,
gives the strain energy due to the influence of external ssuioertial terms are neglected due
to the assumption of slow movement of the anatomy @amepresents the dilatation of the body.
However, since the loading conditions are not constantlagctare rate-dependent variables in the
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6 J-P. V. PELTERET, B. D. REDDY

muscle model, the problem remains dependent on time butm®discretisation of the governing
equations is required.

A robust, stable and computationally efficient formulatibat successfully accommodates the
requirement for incompressibility is desired. For thesasoms, we choose to approximate the
displacement field with continuous trilinear shape funtsiand the pressure and dilatation fields
with element-wise constant (discontinuous) functionse Tésulting Q1-P0 element, proposed by
Nagtegaal et ald3] and developed by Simo et @4 has all of the required characteristics, and
alleviates issues of volumetric locking in incompressitlaterials and shear-locking in bending
problems experienced by standard trilinear elemestif [

The finite element method, in conjunction with a Newton-Ragph solution algorithm,
implemented using open-source finite-element libidewl . 1 | [35, 36], is used to solve for the
displacement fieldA is treated as an augmented Lagrange multiplier in orderféatdfely enforce
incompressibility without creating an over-stiff systehat is computationally expensive to solve.
Use of the Uzawa update scheré][allows the Lagrange multiplier to be treated as constatttiwi
a Newton-Raphson. Incompressibility is considered to terad when the overall dilatation error
is less than 0.1%.

The discretised system that is formed through the line@is®f (7) and the subsequent spatial
discretisation requires the calculation of stress at nattégn points. This implies that it is necessary
to describe the nature of fibre behaviour at these integraiints through a material model which
accounts for the properties (direction, stretch, actragtc.) of the underlying fibres. The result
is that, for internal muscles, the local behaviour of sarems that constitute a part of a muscle
fibre in the vicinity of the integration point is represent&wr external muscles, a single muscle
fibre inserting into a point on the boundary is modelled arsliaed to have the same properties
throughout its entire length.

The boundany is decomposed into non-overlapping compondrfs and I''. The essential
boundary conditiogp = @ onI'¥ is imposed on the surfaces with known displacement. Thealatu
boundary condition, imposed on all other surfaceg, 4st = on + t; on I'* whereo represents
external stresses acting on the boalyis the outward normal at the surface of the body apdn
additional traction described in sectiér2.1 For surfaces that experience the influence of external
pressureg = —pI and free boundaries have no traction, i.e: 0.

5. CONSTITUTIVE MODELS

5.1. Bone, cartilage, adipose tissue

For the loading conditions considered, the hard tissueseapected to undergo significantly
less deformation than soft tissues. Both bone and cartid@geconsiderably stiffer materials in
comparison to the muscle and adipose tissue. For this reasiomple Neo-Hookean model

7
Yharg=C1 (I} =3) , Ci= 5 (8)
Copyright© 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engn@011)
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COMPUTATIONAL MODEL OF SOFT TISSUES IN THE HUMAN UPPER AIRWA 7

wherep = E/(2(1 + v)) is the shear modulus with andv the Young’s modulus and Poisson’s
ratio respectively, is adopted as it is able to capture thallsstrain nature of their deformation
adequately.

A Fung free-energy function, representative of many bi@algmaterials, was used to describe
the behaviour of the adipose tissue. Adipose tissue esghifistoelastic effects3[/], which have
been ignored for simplicity. The SEF that describes theasdijissue is

Yadip = A1 (eBl (I{)_B) — 1) , ©)

with A; and B; representing material parameters.

5.2. Muscle model

There are two facets to modelling muscles that need carefokideration: the constitutive
relationships governing the material behaviour, and tlygmads to the muscle that control its
contractile behaviour. This section focuses on the forisere, while sectiof deals with the latter.

Muscle tissue is composed of a largely homogeneous anadgotoed matrix in which muscle
fibres are embedded. Each group of muscle fibres is made up@fasesub-units, of which the
smallest functional unit is the sarcomere. FigBmepicts the arrangements of the sarcomeres in a
muscle fibre. By assuming that in a small control volume alt@@eres belonging to a fibre family
behave identically, one can describe the local motion ofitite by describing the motion of a single
sarcomere.

Muscle fibre —— Myofibril Sarcomere

Figure 3. Physiology of a skeletal muscle fibre: Macro-s¢alescle fibre) to micro-scale (sarcomere). The

Hill three-element model, overlaid on a muscle fibre, repnésthe behaviour of a collection of sarcomeres.

The parallel (PE) and series (SE) elements are passive argbittractile element (CE) is responsible for
the active reduction of muscle length.

No restriction is placed on the number of muscle fibre famitieesent at each point in the muscle.
This allows for the notion of crossing and interweaving meiggoups, a histological feature found
in the tongue. Adjacent fibre families are assumed to slige each other, so no cross-terms and
direct interaction are modelled in the constitutive equai

Martins et al.l 2, 13] consider the muscle matrix to be a Fung-type hyperelassiterial with a
exponential stress-strain relationship, given by

b
Yy =c (eb(ll _3) - 1> . (10)
The density of the muscle matrix is set at= 1060 kg/m?. The parameters for the muscle
matrix, given in tablel, were chosen such that Young’s modulus at zero strain ard strgin,
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8 J-P. V. PELTERET, B. D. REDDY

as approximated under uniaxial tension conditions, woeldviihin the range of values described
in the literature 2, 29, 4, 38, 39, 9, 30, 5, 7].

The Hill three-element model, shown in figuBeand described by4[], is a representation of
muscle at a sarcomere level. Each of the elements represeuiteation of different physical
components of the sarcomere. The material behaviour of Imfibces is described in terms of a
general, but undefined Sk that is dependent on the stretch in the fibre direction. Theltieg
equation for stressgy, involves the derivative of the SEF with respect to the fiiretch; this term
is interpreted as the one-dimensional tensile force in theahe fibre as described ih).

Histology samples of the tongue musculaturg f12] depict the tongue as being a densely fibrous
body. The fibre volume fraction of skeletal muscle has beeasured to a value as high as 0.95
[43], although the volume fraction of fat in the tongue has begreementally determined to be
approximately 0.2544] and the fraction of muscle fibres plus connective tissud@tongue has
been measured in the range of 0.44-044.[A more conservative value of 0.7 was chosen for
the total fibre fraction, with this value being equally spitween each fibre family that occupies a
certain position in space.

Using the Hill three-element model, the total force in thesoia fibre can be additively
decomposed into the sum of the tension in the parallel anesselement: that is,

Ve (Ap) =T =TF (Ap) + TF (A, Ae) (11)
with the additional relationship that the series and catiteatension are equal:
T3 (A, ) = T¢ (Ac, e, a) . (12)

In [13], a multiplicative split of the contractile and series 8iris assumed; that is, the total fibre
stretch in the two-element branch can be described as a aitiopoof the stretch of the series
element superimposed on that of the contractile element:

Af =X - (13)

The local equilibrium relationship inl@) and stretch relationship ii8) are used to solve fox.
at each outer Newton-iteration for a constant A hybrid bisection-Newton methodt§] is used
for stability purposes as the relationships describingctraractile element are highly non-linear
and, under certain circumstances, highly sensitive taigeations.

The above-mentioned relationships are presented in datatuations 14)—(16). Martins et
al.[13] describe the force in each element in termsIf§®, the maximum tensile force that can
be attained in the element, and experimentally determioelihg functions, by

T (A) = T 1, () (14)
T; (Ags Ae) = T3 f (A, Ae) (15)
75 (A hesa) = TEIP™ FE O) £ (Ae)a(w(®) (16)

with T{"® representing the peak isometric stress that can be attiitieelmuscle and the additional
factor of 7{§ is motivated in sectio®.
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COMPUTATIONAL MODEL OF SOFT TISSUES IN THE HUMAN UPPER AIRWA 9

The parallel element representing the connective tissdealiagenous sheaths surrounding the
fibre have an exponential constitutive ladw] 13]

2aA(As — 1) e i A s
fo(Ap) = , a7)
0 if )\f <1

The intrinsic elastic properties internal to the sarconagecrepresented by the series element. It
also has an exponential stretch-tension relationstipdescribed by 13]

cy (eCZ(Af_)‘C) — 1) if Mg >1

0 A <1

fs g e) = (18)

It should be noted that both the parallel and series elenfiegmt¢sion only in tension. Parameters for
the parallel and series elements are given in table

Table I. Muscle material parameters: Muscle matrix, fibREs, SE

Matrix Fibre PEf, SE f
Parameter b c ¢ Tp™ a A c Ca
Units - KN/ —  kN/m? - - _ _

Value 0.6265 1.652 0.7 668.8 8.5680°% 1243 0.1 100

The contractile element has a dependence on its stretelpfratretch and the level of activation
of the muscle. The force-length and force-velocity relagtnps are well defined in the literature e.g.
[48, 40, 49, 14, 15], but exhibit discontinuous behaviour. In order to overeatiis, Gaussian-type
mollifier functions are proposed; these match the experiat@ata closely while being infinitely
differentiable functions and easier to use in algorithniee [Ength and velocity dependent functions
for the CE are described by

Noh) i 05<A <2

fEe) = e (19)
0 otherwise

v (A) — 1> 0m (A) if  —10<A.<05 (20)
ny
1.5 otherwise

with the contractile velocity\,. calculated using a backward Euler method, and the Gaudifietol
function is defined as

Sn
@) = (e ) (o=~ RE) @)
Gaus;?unction CutoﬁEnction
Copyright© 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engn@011)
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10 J-P. V. PELTERET, B. D. REDDY

In (21) the terms in the first bracket define the shape of the curveoist of the region of interest,
while the terms in the second bracket forces the functioratde/zero at a selected radius from a
chosen epicentre so that the function is closed.

Table II. Muscle material parameters: CE

CE/f& CE/Y

n 1 2 3 1 2 3 4 5

7 0.8 13 1.325 -0.75 -06 055 14 0.75
D 2 2 1 2 2 2 4 8

A 0475 0.100 4830.635 280° 03 0425 0.1 0525
B 90 10 3 0.01 025 07 03 15

R 1 1 0.75 10 0 0 0 0

g 4 2 4 2 0 0 0 0

s 8 8 8 2 0 0 0 0

Tablell lists the parameter values used in the above equationseTgeameters were tuned
according to data and functions described in literaturgufg4aillustrates the correlation ofLQ)
to force-length data described it], while figure4b shows the degree to whicB@ matches data
from [15].

1
0.8 : s
. N -
0.6 - K | |
Ho L " N i
0.4 | 0 .
02F |
0 L L L 1 1 S | L Lo
0.6 08 1 12 14 16 18 2 2 4 6 8 10
. Ae
‘ — Gauss-Mollifier - - - Herzog 2002 ‘ ‘ —— Gauss-Mollifier - - = Lieber 2002 ‘
(a) Force-length relationship (b) Force-velocity relationship

Figure 4. CE length, velocity relationships

5.2.1. Action of external muscles

The tongue uses not only internal muscles to perform comptayxement, but makes use of external
muscles as well. These muscles have a point of origin outBeléongue where they are attached
to a bony fixture point and insert and terminate inside thgtenDirect inclusion of these external
models into a computational model is difficult as the geoynetihe external muscles and the tissue
that surround them are hard to define. However, it is posgibleciude their effect indirectly using
a simplified model of these muscles.

We define the point of origilPS of the external muscle and a general point of inserfir(¢)
into the tongue. The origin is considered a fixed point in sp@wd time, while the insertion points
for a collection of fibres define a complex surface on the bamndf the tongue with a non-zero
cross-sectional area. The fibre direction and length camloelated from this vector

Ling =PJ - P . (22)

Copyright© 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engn@011)
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COMPUTATIONAL MODEL OF SOFT TISSUES IN THE HUMAN UPPER AIRWA 11

Noting that the fibre stretch is simph}ﬁ = Lf/L‘}, the nominal stress in the fibre can be calculated
using equationsl(l) and (4)—(16).

Since these muscles insert into the bulk region of the tonipeeportion of the muscles that are
within the tongue are treated as internal fibres but theseriat and external muscles collectively
define the muscle group. The insertion region on the bounafamyhich the muscles act define the
interface where the external fibres transition to interrmkef. The action of external muscle groups
are incorporated into the geometry through the tractiomdaty condition given by

ty =0 A Tymy . (23)

The volume fraction of the external portion of these musidelat given in tablé and value ot ¢
is displacement dependent and is consistently lineargathintain the stability of the algorithm.

6. MUSCLE ACTIVATION AND NEURAL MODEL

The contractile element is an active element, so the cdileatress developed by the element, as
defined by 16), is related to the level of activatiam,; in each muscle group/. The activation
level is dependent on the electrical stimulus sent to thectaus

Pandy et al§0] present a time-dependent ordinary differential equatidrich approximates the
activation function under simplified conditions. This idided, for each muscl&/, by

&) = = [1—alu+ - [oamin — ] [1 -] (24)
TR TF

wherea is the muscle activation levelm, is the minimum muscle activation level and= « (t) =
{0,1} is the net neural control signal to the muscle. With the chgssrameters, the zero-strain
stiffness of the matrix model accounts for the resting nmeisghe [], thus the appropriate value
of amin is zero. This description of muscle activation does not antfor the differing degrees of
muscle contraction determined by signal frequen2®) {s solved using a backward Euler method.
Section6.1 discusses the neural input, to each muscle family. The activation rise and fall rates
for the genioglossus, setat = 7 = 150ms, were chosen to match integrated EMG data obtained
during free respiration[1, 52, 53] assuming a maximum activation level of unity, and wereiedrr
over to other muscle groups in the absence of data in thatlites.

Regular motions of the tongue do not require extreme foroeset generated in the muscles
in order to produce them, as demonstrated in se@idnThe state of contraction of the muscle
depends on the frequency of the electrical impulse tratsdito the muscle4[]. Since the
contraction model collectively described b¥%3] and [50] does not cater for this concept, we
decompose the peak contractile stress into two componeamsely7§ = 75 T,"®. Now T"® is
the absolute maximum isometric stress that can be produgedebmuscle and; € [0,1] is a
scaling factor that reduces the maximum contractile sttestscan be developed.

The product off{§ and the muscle activation level describe the degree of actiwn as a fraction
of the full muscle response (FFMRE; o). With these parameters, three noteworthy cases can arise:

1. T = 1,a = 1: The muscle is producing the maximum contractile stress.

Copyright© 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engn@011)
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12 J-P. V. PELTERET, B. D. REDDY

2. T§ < 1, = 1: The muscle is fully activated at a lower impulse frequency.
3. T§ < 1,a < 1: The muscle has not yet developed a maximum allowable statntraction.

By altering the values of§, 7r andrr, more precise control of movement is developed by the
neural model.

6.1. Control of neural input signals

During a cycle of inhalation and exhalation, the airway ptes drops and distorts the soft tissue
of the oropharynx thereby altering the airflow within the appirway. In response to this, various
muscle groups contact in order to prevent movement of teeg¢iand the subsequent blockage of the
airway tract. During the act of breathing, the tongue is keptard and down in the mouth primarily
through the action of the genioglossus. A very distinctgratof electrical activity is observed in
EMG readings of the genioglossus during a respiratory dyile52, 53, 54]. In a healthy subject
the tongue is kept in roughly the same position throughaaitéispiratory cycle by this autonomic
muscle contraction — Cheng et &5 observed a posterior displacement of less thamm on the
distal surface of the tongue during respiration.

We explored mimicking the proprioceptive capabilities lo¢ tongue by capturing information
regarding the current three-dimensional position of srfaf the tongue in relation to the desired
position of those points. The resulting motion is dependaenthe action of the muscles whose
selection is variable, and seemingly a consequence of thertuorientation of the tongue.
Proprioception thus would assist in the tongue predicthg donsequence of muscle activation
before it is performed and thus precisely controlling theioroof the tongue through space.

The objective function that defines this motion (or lack ¢éhef) is

minz lwp (531) - 93:) I (25)

which defines the distance of some painaway from its goal position, scaled by a weighting
factor. The weighting factor introduces a method to pla@atgr significance on the accuracy of
some points over others. For all the cases described in tis w,, = 1 for all control points.

For this problem in particular2f) is specified such that a number of points on the surface of the
tongue are to remain as close to their original position asipte, i.e. we seek position maintenance.
The ten selected points were at the apex of the tongue, onplegier surface of the tongue (both at
the intersection of the posterior and superior surface aifdiday between the posterior surface and
apex), and half-way up the posterior surface of the tonghe.pints were monitored on the mid-
saggital line, as well lateral to the midplane. These cdpoints thus form a coarse net defining
the superior and posterior surfaces of the tongue.

A number of strategies can be employed to minimise such d@iumdenetic algorithmsg, 57,
which mimic the evolutionary processes of selection andméiination to probe a search space
for the optimum combination of input parameters to minimasselected function5[7]. For this
study, a customised genetic algorithm (GA) was implemengaag the open-source librayAlib
[58]. A non-deterministic elitist GA was used to predict a setnefural input signal§u} such
that 25) is minimised at all evaluation time-steps. Evaluation lté bbjective function requires
solving the global displacement problem for the given nkeimaut signals and determination of
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the actual displacement of the control points. As the evalogprocess is a costly procedure,
minimisation of the solution search space is ideal. To redbe size of the search space, certain
muscle groups are excluded for evaluation based on thejtHemneighted average fibre stretch
A = 2f )\fo/Zf Ly at the current time versus that in the pre-strained referenafiguration

5\3. This evaluates which muscle groups are in a overall tesgle and through which contraction
may assist in returning the tongue to its original positibime local fibre lengtlL ; is approximated
from the computational cell geometry and the fibre orientatihe components of the genioglossus
are excluded from this selection procedure and are all ateduat each GA cycle. In the initial
population, all corners of the solution space and a pretichbr the solution based on previous
steps are evaluated.

7. ILLUSTRATIVE EXAMPLES

7.1. Muscle model

To illustrate the functioning of the muscle and neural medalsimple problem setup is used. A
block of incompressible muscle tissue of size 1 x 1 mm?, with one vertex at the origin, has a
planar motion constraint on the coordinate planes. Ther tinee sides are nominally traction-free.
Three orthogonal internal muscle families are embeddedh abigned with a coordinate direction,
and an external muscle that inserts into the positive y sarfd the block from an origia mm away
from the surface. The origin of each external fibre is govemea spacing rule

Py =csPy, PP =h+P, P =cP) (26)

with h = 2 mm the height above the surface atida spacing constant that controls the angle of
insertion (AOI) of the fibre into the surface. The basic getsgnis shown in figurésa For all cases,
the block was discretised in&3 equally sized cells. The time-step size was 5ms, with a cativel
time of 500ms, and the activation parametets= 7» = 150ms andl;; = 0.1 for all active muscle
groups.

To demonstrate the basic functioning of the muscle modegettscenarios with prescribed
activation histories and no applied traction are simulabedhe first, only thee; andes aligned
fibres are activated by setting,, = 1 while in the second and third, only the external muscle is
contracted. In the second case, the AOI of the fibres to tHamiis made very small by setting
¢s = 1, while in the thirde, = 2, resulting in a significant AOI.

The result of the three muscle configurations is shown in éigbb-5d. In the first case, a the
block displaces in the positive Y direction due to the simuodous activation of the transverse
orthogonal muscle groups and the incompressible natureofmaterial. In the second and third
cases, a similar result is achieved due to the contractidheoéxternal muscle. For the third case,
the lateral displacement of the upper surface is substgritieger than the second due to the greater
AOI. It was observed that the final contractile stress digtion in the external fibres is less uniform
as the AOI increases due to the muscle force-length rekttipn
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Figure 5. Example problem description: A 1rrlock of muscle tissue with deformation controlled by
manual activation of the specified muscle groups. Resudtslaown at = 500 ms for the contraction of the
specified muscle groups.

7.2. Neural control model

To demonstrate the capabilities and shortcomings of thetgealgorithm approach, two illustrative
examples based on the problem demonstrated in sectioare presented and discussed. In both
instances, a compressive pressure load described by

1.75 27
w

D = Pmax (sinwt) , = 3% (27)

with pmax = 5000 Pa and is applied to the side faces of the block. The objefttivetion, given by
(25), is that under the action of muscle contraction four cdrgoonts located on the corners of the
positive y-face remain in their reference position. We d®t@ monitor the poinP = (1,1,1) mm
on the corner of upper surface and the two specified-trastidaces. All muscle groups are allowed
to activate as necessary in order to prevent motion of themugyface.

In figure6a, the applied pressure as well as the evolution of the disttrat of corne from the
expected equilibrium position for both cases, as well foewlposition control is not imposed, is
shown. In the passive case, where the loading causes arsiextém directione; and compression
in e; andes, only the matrix and PE of the, orientated fibres provide resistance to deformation.
Comparison of the passive and active cases demonstratethéhgenetic algorithm is able to
maintain the position oP close to its goal position.

The muscle contraction history for the internal muscle geis shown in figureéh. A cyclic
response, coinciding with the regularly changing tractaad, is present in each muscle group. At
the start of each cycle, the fibre contracts to oppose the motion generated by the loadeter,
since control of the developed contractile stress is lidhiteee; andes co-contract to oppose the
excessive force generated in #gfibres — this balance is maintained throughout the cycle afds
the middle of the cycle, where the load is at a maximumeth@nde; muscles deactivate and thg
muscle attains a maximum activation level. As the load desee, a similar activation pattern seen
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Figure 6. Block with sinusoidal pressure load. The maximppiiad pressure was +5000 Pa &= 0.05
for all muscles. The external muscle did not attain a sigaifiactivation response and is thus not shown in
the results.

in the beginning of the cycle is present to provide fine positiontrol. At the end of each cycle, the
activation levels of all muscles are non-zero but equakitarthe cube in its original configuration.
This example demonstrates that the neural model functisexpected. However, the model is
reactive to its current state and not predictive in a wayttiudy mimics the motion control exhibited
in the body. It has been observed that, although the residtaat repeatable due to the random
nature of the GA, the trends in the results are repeatablierasnstrated here and in sectihb.

8. UPPER AIRWAY TISSUE MODEL

The results of various aspects of the study are presentediscussed in this section.

The tissue material parameters used in the model are asvolBone is assumed to have a
Young’s modulus ofi5 GPa B9], Poisson’s ratio of).4 [60] and density ofl900 kg/m®. For the
cartilage of the epiglottis, the zero-strain elastic modwlias assumed to BeviPa for the slow load
changes exerted on the tiss&][and a Poisson’s ratio af.42 [61]. The density of the cartilage
was assumed to b@®00 kg/m?® as it is comprised mainly of water. Adipose tissue, desdriie(9),
takes the parameters, = 2500 Pa andB; = 2.75, chosen to fit uniaxial compression test data for
the plantar region of the foo6p] and a density 0§20 kg/m® [63]. The parameters for the muscle
model are as given in tablésll and the activation level parameters given in secion

The mandible is considered rigid and fixed in space. A zespldcement condition is imposed
on the surface describing the interface between the adifgssee and the thyroid cartilage to which
it is attached. The remaining surfaces have a zero or prexktiaction condition.

8.1. Pre-strain, pre-stress condition

Due to the presence of a body force, the body configuratioonstoucted from the imaging data
is not stress-free. To account for this, we define the inta@ifiguration to be one which when
under the influence of gravity, with the loading correspogdio a person standing in the upright
position, results in the configuration defined by the refeeeconfiguration. Under more complex
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circumstances, there is a need to solve for the zero-staaifiguration iteratively $4]. However,
since the cadaver was orientated in an upright position vithernmages were taken, a known and
simply described loading force acted on the body during intag

displacement (mm) maximum principal strain
0.1

'ﬁuium;uud L —— —
0 0.59 0 0.2
(a) Displacement error under upright (b) New (maximum principal) strain
gravitational load field at zero-displacement configura-
tion

Figure 7. Pre-straining ensures that under upright grémital loading that while the body returns to the
reference position, the resulting strain is significant.

As a first approximation, a spatially constant body forcenvdtmagnitude equal to 1.2 times
that of gravity is applied in a direction opposite to the makgravitational direction and assume
that this configuration is the zero-strain configurationwdts observed that when reapplying the
gravitational force in the upright orientation (that expaced by the cadaver during imaging), the
resulting displacement away from the reference configumatias minimal, as depicted in figure
7. The small final displacement indicated that this is a swfitty accurate approximation for the
zero-strain configuration for the purpose of this work. Tirab displacement is present primarily
as a result of the non-linearity of the material behaviour.

8.2. Mesh dependence study

A basic mesh-dependence study was performed to deterména@gpropriate element density
required for the production of satisfactory model resdltsee variations of the same model were
used with varying element counts in each part, as describ&blelll . In each model, the number
of elements in the tongue were increased roughly by a fad¢tiova The results of the model with
the highest element count were used as a basis from whichasurethe performance of the other
models.

Table Ill. Mesh dependence study: Element count per part

Mesh density Mandible Hyoid Tongue Adipose Epiglottis Total Ratio (total)

Coarse 128 156 4526 2332 522 7664 1
Medium 220 288 9078 4188 774 14548 1.90
Fine 360 360 18196 6620 1200 26736 3.49

The results of the analysis are given in tableand figure7 aspecifies the position of measurement
points discussed below. Due to the reasonably low displacéarror margin between the coarse and
benchmark model, and that result trends rather than alesoleasures are of interest, the coarsest
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model was considered satisfactory for use. The major beufdfiis model was the computational
time saved by using a model with a quarter of the number of efrto compared to the finest
model.

Table IV. Mesh dependence study: Relative error of totgdldisesment for passive tongue under gravitational
and pressure load. Error measure calculated as |P; — PE'NE\/|P,f'NE| .

Mesh density CPU time Gravity Gravity and pressure
P4 Pp Py Pp

Coarse 0.21 -6.77% -5.35% -6.55% -5.21%

Medium 0.45 -3.90% -2.96% -3.80% -2.93%

8.3. Effect of orientation and airway pressure on motionasggve body

An investigation was performed to determine the effect @f dhientation of gravity as well as
pressure loading on the passive tongue. As there is an aisarmp quasi-static motion and there
are no time-dependent history variables that influence #iterial characteristics, time is viewed as
a non-dimensional entity. For the first half of the loadirg[0, 0.5], body force loading is ramped
from zero to a maximum value with zero external load, and from(0.5, 1] a linear increase of
the traction loading occurs while the body force remains abmstant maximum value. During
respiration, the air pressure in the oropharynx falls bedowbient pressure as the lungs expand —
this drop in pressure is referred to as an increase in negatipressure. As a coarse representation
of the pressure distribution present in the oropharynxmduloreathing, the nominal pressure load
pmax(x) is one-dimensional in space with a linear variation frormfr¢point P 4) to rear (point
Pp) and constant in the transverse plane.fAt, the pressure is alwaysPa while the minimum
value of airway pressure & p wasp = pmax = —500 Pa.

The final displaced configuration of the tongue experienciegative500 Pa pressure loading
under different gravitational loading conditions is shoimrfigure 8. With no applied load, the
tongue remains in a neutral position when gravity is origgatan the upright direction, while the
supine orientation causes the tongue to move in the postéréction. In both cases the influence of
pressure ensures that the tongue is drawn backwards toth@rdssterior region of the oral cavity.
It is noted that in all cases, due to both pre-stressing aading, the spatial variation of local fibre
stretch substantial with some regions of the genioglosiesicted in figures, in compression and
others in tension.

In figure 9, the measure of overall muscle stretch described in se6tios shown for increasing
gravitational and pressure load. It is interesting to nbtg,tindependent of all the non-linearities
present, there appears a linear dependence of averagetfibieh for each muscle group on the
load for the described cases. From these figures it is apipharboth the gravitational orientation
and pressure load have a significant effect on the stretdieofdrious muscle groups. In the supine
case, for the most part muscles in tension under the influgfrgravity remain so when the pressure
load is increased, while for the upright case numerous reugclups switch tensile states or attain
a neutral state. In particular, the components of the géwssgs are overall in compression in the
upright position, while in the supine configuration theyglaeced in tension. In both case application
of a pressure load results in an increase in average stretibh genioglossus muscles.
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Figure 8. Passive tongue under the influence of gravity aeskpire loading (displacement and genioglossus
fibre stretch)
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Figure 9. Length-weighted average fibre stretches for regaahder different gravitational orientations

8.4. Individual muscle activation

Muscle groups are distributed in the tongue in such a waythi®aindependent activation of each
group results in a specific motion. The combination and &digon of the muscle groups gives
the tongue great flexibility and the ability to perform complyet precise motions. The following
examples serve to illustrate that this muscle model coupl#tan accurate geometry and histology
dataset can produce realistic motions as described iatite.

The genioglossus depresses the tongue and pulls the tongumey for protrusion 20]. Figure
10a demonstrates this action. The anterior portion is pullédriarly and the posterior region
is pulled forward towards the mandible. Since further gemimeomplexities such as the teeth
have not been included, the action of the genioglossus irceinéined space of the oral cavity
has been exaggerated. However, it is demonstrated thatactoh of this muscle contributes to
the prevention of the tongue falling backwards into the @dst oropharygeal region and thus its
significance in preventing OSA.

The role of the styloglossus is to retract and draw the tonguveards towards the palatg(].
Figure 10b demonstrates this action, as observed in the computatinadél. For the tongue to
undergo more complex motions, the simultaneous activaiioa number of muscle groups is
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(@) GGm (FFMR is 10% of max) (b) SG (FFMR is 25% of max) (c) SL, TV and VT (FFMR are 7.5%,
7.5% and 5% respectively)

Figure 10. The final equilibrium state for individual actiem (mid-saggital plane). The initial position
before muscle contraction is indicated by dashed line.

required. For example, in order for the tongue to protrudeodthe mouth, the transverse muscles
(which narrow and elongate the tongue) and verticalis (WwHattens and broadens the tongue) must
both contract 20]. For this motion to be possible, the incompressible natdithe muscle matrix

is exploited and the tongue is essentially squeezed oueodithl cavity. FigurelOcillustrates the
simultaneous contraction of these two muscles in conjanatiith the superior longitudinal, which

is used to prevent the tongue tip of from curling downwards.

8.5. Position maintenance using neural control model

During respiration, ideally the tongue is held in a positioat prevents blockage of the airway. This
action is primarily performed by the genioglossus whichisashown previously, is able to draw

the tongue forward and downwards towards the mandible. Westigate the effectiveness of the
neural model in terms of maintaining the original positidrite tongue when the body is under the
influence of gravity and a non-constant external load coodit

A sinusoidal load approximating three pressure loadindesydeveloped during breathing is
applied to the surface of the tongue, epiglottis and supppioft tissue. The pressure profile
shape is described ir27). The maximum applied pressure of 350 Pa was the mean valthe of
range suggested to be developed in the airv&). [nitial tests were performed to determine the
effectiveness of the GA in comparison to a completely passiodel. The passive model is used
as a point of comparison as it indicates the limits of motioat tcould be expected under these
conditions.

Figure 11 illustrates the effectiveness of the GA to control and misanmotion under
temporally varying conditions. It was observed in the passiodel that these markers experience
a displacement history with a shape consistent with thahefapplied loading. The displacement
away from the reference condition varies with the gravitaail orientation.

The position maintenance attributes of the GA formulatippesar to be very good. Figure
11 demonstrates that under changing load the measured paintsectongue undergo minimal
displacement away from their stable position, especialigmvcompared to the maximum deflection
observed in the passive model for the same applied load.dtbgpavitational loading orientations,
the neural model ensures that the posterior surface gointindergoes a minimal displacement as
the load varies. In both instances, the GA is able to selecbapgof muscles to contract that not
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Figure 11. Effect of orientation on tongue position with avithout neural control. Refer to figur&afor the
position of the measurement points.

only moves it from its initial displacement due to graviteial loading alone (seen nea& 0s) but
maintains this position under a time-varying load.

The natural equilibrium positions of the control points eppto be a small distance away from the
desired reference position. This can be attributed to tbs@mmaterial and GA parameters, and the
difficulty in the muscles attaining the required activatievel to collectively satisfy the functional
objective — the adjustment of muscle activation level ahe@me step is quite coarse. Figut@
illustrates that the activation level does not change shipaluie to the choice of constant material
parameters and the temporal resolution of the simulatibe.Same points explain the fluctuations
observed in the position traces for all measured points.

In the supine case, the rear of the tongue at pfiptis maintained at an average b29 mm
away (in 3-d space) from the reference position. The deflecit this point due to changes in
muscle activation is-0.16 mm from the mean, equating to a total displacement ran@e3@fmm
away from the stable point. However, the position mainteraf the tongue tig? 4 appears to be
more difficult, with fluctuations oft0.30 mm from the stable average displacemen2@ab mm.
During upright orientation, poinP 4 has a displacement df42 + 0.39 mm, while Pp remains
0.72 + 0.23 mm away from the reference position. In addition to the prasipoints regarding the
muscle activation level, the high mean displacement awawy fthe goal position may be further
attributed to the muscle selection algorithm not seleciin@ntagonistic muscle pair to counteract
the over-activation of certain muscle groups.

An account of the activation level history recorded for thedial part of the genioglossus is
shown in figurel2afor both the upright and supine orientation under sinudgdsssure loading.
Comparison between this result and the experimentallydecbactivation traces found in literature,
namely b1, 52, 53], shows a good correlation in some key aspects. In both thererental and
computational recordings it was observed that:

1. muscle activation increases as the negative air pressrsases, and subsequently decreases
as negative pressure decreases

2. the muscle response appears proportional to the ainyee§n this case, periodic) and occurs
with minimal temporal delay, that is to say the response &lpémmediate

3. the response is similar and repeatable for cyclic loadoglitions.
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Figure 12. Response of GGm to differing gravitational c@éion. In12a raw data is shown as light lines
and the data is fitted with a 12 coefficient B-Spline best-fivey66].

The differences in the response of the passive tissuesiledcin section8.3 explain the
significantly different activation-level histories obged between the two gravitational orientations.
For the case in which the body is in the upright position, fyaassists the genioglossus in
preventing motion due to the applied load, resulting in adowontractile force being required
to resist motion. In the supine position, the genioglossusder to prevent motion due to the action
of both gravity and air pressure produces a greater coileréatce. In both instances, however, the
contractile response, is periodic and is in phase, but &réiit magnitude. It should be noted that,
although the exact activation-level history is not repédtiie to the random nature of the GA), itis
the variation between the FFMR trend for each load cyclesappears minimal. Additionally, the
first cycle differs from subsequent cycles in that the le¥elativation in all muscles must first build
up from zero when under full gravitational loading and irasieg pressure loading. In subsequent
cycles, the active muscle groups have attained an activeve! sufficient to maintain the position
of the tongue. In subsequent cycles for the supine caseetliegjossus remains active as a reaction
to gravitational and other forces.

From figurel2b, we can draw a number of conclusions on the functioning ofgér@oglossus
and aspects of the neural model. For both orientations, ¢éhéglossus functions in the optimal
contractile band {* > 0.85 as shown in figuretd). However, it was observed that a greater
contractile force was required during the breathing cyotelie supine case. This led to increased
muscle shortening so that the muscle functions closer torélgeon of decreased contractile
efficiency that occurs whek. < 0.85. Increased loading or muscle function deficiencies mayeaus
the contractile element length to be reduced further anddwapidly lead to loss of contractile
efficiency and possibly the inability to produce enough caxttle force to counteract applied loads.

Additionally, assessment of the average fibre length foh lsases suggests that monitoring the
value ofif and comparing it to the value at the zero-displacement ommﬁg)ni(} is not necessarily
a good indicator of whether activation of the muscle groujp agsist in returning the body to the
reference configuration. Although figueedemonstrates that gravity and the airway pressure have
the tendency to positively stretch the genioglossus, figdieshows that the average fibre stretch,
by this measure, is well below the value recorded initidllye only reason it remains active is that
the evaluation of this muscle groups is compulsory at all GAluation steps. This suggests that,
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using this measure, the role of other muscle groups that resigtan position regulation are not
evaluated by the GA and thus will remain passive.

8.5.1. Applied pressure

In the absence of muscle activation, an increase in negaitivay pressure would resultin increased
deflection of the tongue surface. Figurédepicts the response of the genioglossus as the maximum
nominal airway pressure is increased and decreased tanihs $ipecified byg5].

I I I 1 I I I
1 2 3 4 5 6 7
Time [s]

‘—ZOOPa—SSOPa—SOOPa \

Figure 13. Effect of pressure magnitude on GGm FFMR

As expected, the scaling of the airway pressure resultséalad response from the genioglossus.
Increasing the negative airway pressure requires the GGonotuce a greater contractile force,
seen here as increased muscle activity, in order for tha®tgmaintain its position. The periodic
contractile response of the GGm is more apparent as theupeedscreases. The response shown
here further reinforces the idea that the genioglossusdsed the main airway dilator muscle
responsible for the maintenance of airway patency. Undesitalations, removal of the pressure
load reduces the genioglossus activation level to the saaheevnamely that required to resist
gravity.

9. CONCLUSIONS

We have discussed the development of an anatomically ardldggcally accurate model of
the tongue and associated tissues. Physiologically sowdkls, with parameters derived from
experimental data, have been used to simulate the constituehaviours of tissues. The muscle
model incorporated into the framework is representativieadh active and passive skeletal muscle
and is shown to reproduce recognisably realistic movenmettia tongue.

In the absence of meaningful experimental control-datawal model has been developed in
an attempt to replicate the physiological stimulation ofseia groups. The criterion on which
the choice of muscle activation is based is derived from asjolggical viewpoint. Under loading
similar to that experienced during breathing, the modelbdeen shown to produce a response for
the genioglossus that compares favourably to that measuesgberimental procedures. Further, it
has also been demonstrated that intuitively correct resgonf the genioglossus under changing
conditions, posture, gravitation and so forth, are ablestdibplayed.
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Further research should include the exploration of inegffects, a refinement of the neural
model, and a holistic representation of the entire uppsvesi physiology. These refinements
would allow the model to reproduce even more accurately theditions experienced during
physiologically normal phonetics and pathological statesh as sleep apnoea, towards gaining
a better understanding of these phenomena.
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