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This paper describes a three-dimensional finite element model of the human upper
airways during rigid laryngoscopy. In this procedure, an anaesthetist uses a rigid blade
to displace and compress the tongue of the patient, and then inserts a tube into the
larynx to allow controlled ventilation of the lungs during an operation. A realistic model
of the main biomechanical aspects involved would help anaesthetists in training and in
predicting difficult cases in advance. For this purpose, the finite element method was
used to model structures such as the tongue, ligaments, larynx, vocal cords, bony
landmarks, laryngoscope blade, and their inter-relationships, based on data extracted
from X-ray, MRI, and photographic records. The model has been used to investigate
how the tongue tissue behaves in response to the insertion of the laryngoscope blade,
when it is subjected to a variety of loading conditions. In particular, the mechanical
behaviour of the soft tissue of the tongue was simulated, from simple linear elastic
material to complex non-linear viscoelastic material. The results show that, within a
specific set of tongue material parameters, the simulated outcome can be successfully
related to the view of the vocal cords achieved during real laryngoscopies on normal
subjects, and on artificially induced difficult laryngoscopy, created by extending the
upper incisors teeth experimentally.
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1. INTRODUCTION

Laryngoscopy is a procedure, carried out by
anaesthetists, in which the tongue of a patient is
compressed and displaced to one side of the mouth
using a rigid blade. A tube is subsequently inserted
into the larynx to feed a mixture of oxygen and
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anaesthetic gas to the lungs. The procedure is not
without difficulty or danger, and it would be highly
desirable to predict which patients could be at risk,
before the procedure is started. Difficult intubation
can cause mortality associated with anaesthesia,
but yet the reasons for difficult laryngoscopy have
not been completely identified or explained.
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Early investigators concentrated on measure-
ment techniques of skeletal structures of the mouth
[5] and neck [49], and on geometric methods
of analysing laryngoscope blade shapes [25]. A
variety of such variables have been associated
with unexpectedly difficult laryngoscopy, such
as, anatomical factors, the laryngoscope used,
and the technique of laryngoscopy. Other factors
such as the experience of the person intubating and
the degree of muscle relaxation may influence
laryngoscopic measurements. .In contrast to
studies of geometric factors, the contribution of
soft tissues was initially neglected. However, the
importance of the tongue in particular has now
been recognised [9,45]. In fact, the tongue is the
main obstacle to a direct view of the larynx, and
thus, an accurate representation of its behaviour
plays a key role in any simulation model of rigid
laryngoscopy.

The human tongue is a very complex structure,
composed of layers of different muscles, that be-
have in a non-linear viscoelastic way. A practical
problem is the acquisition of parameters for
modelling the tissue of the tongue. Recently, the
elastic properties of biological soft tissues have be-
come the subject of increasing research efforts [35].
However, most studies are based on cadavars and
very little useful data has become available. Most
studies inappropriately apply the cadaver data
to living subjects.

It is the main purpose of this work to use a
biomechanical model based on clinical measure-
ments during laryngoscopy to investigate the be-
haviour of the tongue under a set of different
loading conditions. As far as we know, this is the
first attempt to create a realistic three-dimensional
laryngoscopy model based on real data extracted
from patients.

1.1. Previous Tongue Models

The human tongue has previously been modelled
for computer graphics applications, such as speech
production and facial animation. Little can be
gained from the work on facial animation since, in

cases where the tongue has been modelled at all, it
is over simplified, for example as a paralleliped
with rudimentary movements [23, 8]. In the con-
text of speech production, however, the modelling
of the tongue has often played an important part.

Examples of pioneering researchers modelling
the tongue during speech are Mermelstein and
Perkel [27, 37]. Specifically, Mermelstein proposed
a model consisting of a slow-moving spherical
body which supports a fast-moving flexible tip.
Perkell reported on a computational simulation of
the tongue as a two-dimensional lumped-constant
elastic system. Both models are overly simple
tongue representations. Other two-dimensional
work at the very simple end are those reported in
[11,17,20].

Motivated by the work of Perkell, however,
Kiritani et al., have modelled the tongue as a linear
elastic body in three dimensions, by functionally
dividing it into 14 tetrahedral elements [18]. With-
in each unit, very basic movements represent
different muscle contraction effects on the tongue.
This work is most closely related to ours in
that it represents the tongue by a functional
model composed of geometric elements in three
dimensions. However, the complex structure of the
tongue is represented by a very coarse mesh, with
equally simplistic definition of boundary condi-
tions and kinematics. In addition, the behaviour of
the tongue is oversimplified in that it is linear
elastic. This certainly is only valid for very small
deformations and strain. Although the linear ap-
proach is extensively used in modelling, the
visual result and behaviour of large deformation
modelling using linear elasticity is seldom satisfac-
tory.

Neither of these models have been backed up
with a full validation study including medical data
from speech experiments, such as those reported
by Stone [50]. Stone proposed a three-dimensional
functional model of the tongue by defining 5
segments in the lengthwise plane (one medial and 4
laterals), and 5 segments in the crosswise plane
(root, posterior, dorsal, middle, and anterior). This
model was a first step in describing sagittal
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movement, coronal movement, and linguopalatal
bracing for all phones in terms of segmental dis-
placement and rotation of the tongue. To validate
the model, Stone used ultrasound and MR images,
electropalatography, and X-ray measurements.
In our work, we also follow an experimental
approach using MR and VHS images, X-rays,
dental impressions, and photographic records to
validate the tongue deformations obtained from
different model configurations.

Similar to Stone’s model, Pelachaud e al., have
proposed a tool to model tongue movement during
speech production [36]. In particular, these authors
retained only 3 segments in the lengthwise and
crosswise tongue planes. Essentially, their kine-
matic tongue model consists of a mesh composed
of 9 triangles that represent charge centres for an
equi-potential surface field. Pelachaud et al.,
specified a tongue shape for each vowel and
consonant, using the results obtained in some
studies which characterise tongue shape during
speech production, particularly those of Stone.
Even though there is no universal shape for
each phonemic item, those shapes they estab-
lished achieved realistic tongue behaviour.

These models simulate variations of the tongue
shapes in response to deliberate movements. By
contrast, as laryngoscopy is normally carried out
under general anaesthesia, we need to simulate in-
voluntary tongue deformations caused by blade
contact. These deformations are difficult to predict
because they depend on biomechanical parameters
such as elastic tongue properties and contact
forces.

1.2, Soft Tissue Modelling

Although many approaches have been pro-
posed for soft tissue modelling, either in the
field of computer graphics or in domains
closer to biomechanics, only a few papers have
been published on the realistic behaviour of soft
tissue during deformation.

Modelling deformations of a patient’s anatomy
has traditionally been accomplished by using

surface models. Examples are the work done on
skin, with particular application to facial expres-
sion representations [39, 31, 34,29]. A major prob-
lem with surface-based models is that they do not
model the interior of the organ, and therefore, do
not allow for volumetric behaviour. Hence, mass-
spring models in three-dimensions and ellipsoid
structures are anatomically more appropriate
[56, 53,47, 57]. These models account for a geo-
metric structure which allows an interaction
between bones, muscles, fatty tissue, and skin.
The definition of the geometry of the organ in both
approaches is generally done ad-hoc, and particu-
larly in the mass-spring models, where there are
difficulties in determining the optimal configura-
tion of the spring network. Further, linear
elasticity concepts are often used in these models
as a way to represent the behaviour of the organ’s
deformation.

Recent research in the field of biomechanics has
shown that a fairly realistic model for soft tissue
has non-linear viscoelastic properties [12,46].
Many non-linear finite element models have been
developed for soft tissue simulation, mainly for the
lungs [32,55,21] and the ventricles
[16,15,7,30, 51, 52]. Finite element models do not
suffer from geometry problems, since the definition
of the finite element mesh geometry leads to
straightforward computation of element param-
eters [2]. Other examples in biomechanics
include a surgical simulator using finite element
analysis in which a realistic three-dimensional
computer model of the eye and its surroundings
is modelled with a complex behaviour [46]. This
behaviour is represented by large non-linear
incompressible Mooney — Rivlin [28] elastic defor-
mations. Systems for computer-aided plastic sur-
gery are also good realistic examples [53, 38, 19].
Specifically, Pieper et al., developed an interactive
graphics system for plastic surgery which accounts
for the three-dimensional finite element structure
and mechanical properties of human facial tissue
[38]. Koch et al., described a highly realistic three-
dimensional system for simulating facial surgery
using finite element models [19]. The work of Chen
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and Zeltzer, in particular, is a novel finite element
model of skeletal muscle that can be used both to
simulate forces and to visualise the dynamics of
muscle contraction [6]. Recently, Lee er al., have
integrated a realistic biomechanical simulation
into facial modelling [22]. On the evidence of their
own literature, the use of finite element analyses
for the modelling of the behaviour of biological
systems has proved an invaluable approach to
represent realistic soft tissue deformations, and
thus, has a significant part in soft tissue mechanics.

We have developed a three-dimensional finite
element model of the upper airways for simulating
laryngoscopy. A central issue in building such a
model is to find a way to represent the behaviour
of the tongue so that the relationship between
mouth measurements, blade models, and different
tongue deformations can be analysed. For this
purpose, the finite element method was used to
model structures such as the tongue, ligaments,
larynx, vocal cords, bony landmarks, laryngo-
scope blade, and their inter-relationships, based on
data extracted from X-ray, MRI, and photo-
graphic records. We have a special interest in
the main anatomical factors leading to difficult
laryngoscopy, particularly the behaviour of the
tongue. Hence, the mechanical behaviour of the
soft tissue of the tongue was simulated, from
simple linear elastic material to complex non-
linear viscoelastic material. To determine the set
of model configurations that provide the most
realistic behaviour, the simulation results were com-
pared with actual measurements of the view of
the vocal cords obtained from two different clinical
experiments.

Section 2 reports on the two clinical experi-
ments—a normal case and an artificially induced
difficult case. These experiments provided data on
the anatomy of the upper airways of the patient,
and measurements of the view of the vocal cords
achieved in each case. Section 3 describes our
three-dimensional finite element model of the
upper airways. A series of model simulations using
the data provided by the normal case are
performed in Section 4. In Section 5, we show

that difficult laryngoscopy is also reproducible by
applying the same analyses and tongue models
utilised in the easy case. Section 6 shows some
illustrative sequences of the deformations of the
tongue obtained using the model. The final section
presents the main conclusions, discusses the merits
and limitations of the model, and gives directions
for future work.

2. CLINICAL EXPERIMENTS

Two different laryngoscopic experiments were
carried out on the same subject. In the first ex-
periment, the anatomy of the subject on whom
normal rigid laryngoscopy was carried out using a
curved laryngoscope blade was used as the basis of
our geometric model. In the second experiment,
the anatomy of this normal subject was changed
empirically by using a prosthesis attached to her
upper incisors, so as to simulate a common
difficult laryngoscopic situation, the patient with
prominent maxillary incisors.

The empirical measurement of the view of the
laryngeal inlet depends on the depth of insertion of
a probe and the angle through which the probe
turns to view all of the laryngeal inlet. The vocal
cords view was used to find the best and the worst
eye-line deviation values, as shown in Figure 1. In
the best situation the probe is aligned with the

hyoldibone
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FIGURE 1 Laryngoscopic drawing of the subject illustrating
the best and the worst views of the vocal cords. Lateral photos
were used to obtain an outline that we could overlay on the X-
rays and make other similar comparisons.
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posterior part of the larynx and then it is rotated
forward to record the maximum forward position.
The length of larynx visible is the arc at the base of
the triangle through which the probe has rotated,
as represented in Figure 2. The blade contact with
the upper incisors was taken by the anaesthetist as
a reference point only, and in no instance was the
blade rotated around the incisors. 4

In the normal laryngoscopic situation (Fig. 1),
the patient had the probe inserted to a depth of
11.8cm, as measured by the anaesthetist. The
overlying probe images (the one when the probe is
aligned with the posterior part of the larynx and
the other when it is rotated forwards) gave the
angle measured empirically between the two
positions at the incisor point as 7°, as geometri-
cally illustrated in Figure 2. According to this
representation, the view is estimated as 1.4cm. We
adjust this lower value for the view by adding the
width of one probe (0.2cm) as an estimation of
error, and then the corrected view can be estimated
as 1.6cm. Alternatively, this value can be calcu-
lated using the blade measurements as the
reference. By mapping the blade measurements
with those extracted from Figure 1, a very similar
value of 1.65c¢m is obtained.

The next situation to consider is the difficult case
using a maxillary prosthesis. This was conducted
by modifying the geometric mouth measurements.
Using a prosthesis of 1.5c¢m of thickness attached

to the upper incisors of the patient, the upper
incisors point is physically displaced forwards. The
corresponding diagrams are shown in Figures 3(a)
and 3(b). As measured along the probe, the
distance from the tip of the prosthesis to the back
of the larynx was 13.6cm. In this situation, the
space to accommodate the tongue is functionally
reduced by alteration of one specific geometric
parameter of the anatomy of the patient, and thus,
the range of movement of the blade is reduced. The
diagrams are adjusted to show the upper incisor
point correctly positioned relative to the prosthesis.
With this arrangement, the anaesthetist saw just
the back of the larynx, i.e., there was no chance
to rotate the probe forward to get any angle
for maximum forward position. In this case, the
incisors tip, the posterior larynx, and the blade
under surface tangent are almost on the same eye-
line, i.e., the two eye-line probe representations
almost completely overlapped. Again, by mapping
the real blade measurements with those extracted
from Figure 3(a), we calculate the average value for
the view as —0.3 cm. This means that only the back
of the larynx is seen, from an approximate distance
of 0.3cm from the beginning of the vocal cords.
Based on the data provided by these experi-
ments (X-ray and photographic records) and by a
set of upper airways MR scans from the same
subject, a three-dimensional finite element model
was set up. Then, a series of different formulations

A

11.8cm 11.8cm

‘<-—— X—>

probes

FIGURE 2 Schematic representation based on photographic records of the larynx width and vocal cords view of the patient. The
probes measure the angulation values when the vocal cords are still visible and amenable to intubation.
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(b)

FIGURE 3 Laryngoscopic drawings (a) and photographic records (b) of a laryngoscopy from which data was obtained. The
outline drawing was traced from the lateral photograph. The probe is being used as a reference for the measurement of view. The

prosthesis attached to the upper incisors has a width of 1.5¢m.

of model parameters were used to simulate de-
formations of the tongue. To refine and increase
the realism of the model, subjective medical
feedback was taken into account during the whole
modelling process.

3. THE FINITE ELEMENT MODEL
OF THE UPPER AIRWAYS

A three-dimensional finite element model of
the upper airways of the patient, including the
laryngoscope blade, was constructed as shown in
Figure 4.

We obtained complete geometric tongue data
from MR images and X-ray plates. To simulate
mouth opening around the laryngoscope, a 2.5¢m
wide plastic device was positioned between the
lower and upper incisors of the patient during the
scanning session. Once we obtained the tongue
data, we converted it into finite elements following
the main underlying orientation of the fibres of
the tissue [44]. In particular, 280 8-noded bricks
were used for representing the tongue structure,
tessellating a volume of 6.5 x 6.0 x 6.0 cm®. These
brick elements use tri-linear interpolation func-
tions, which allow the study of incompressible and
nearly incompressible materials. There are three

conventional degrees of freedom associated with
each node for this element. There is also one extra
node with a single degree of freedom (pressure).
This element uses a mixed formulation for in-
compressible analysis based on the Hermann

acintosh blade

FIGURE 4 Lateral view of the three-dimensional finite
element model of the upper airways and the blade during
laryngoscopy. Mouth dimensions were extracted from external
measurements of the patient, MR images, and X-rays.
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formulation, for representing a three-dimensional
arbitrarily distorted cube [24].

As to the other components, there are 35 thin
shell elements for the blade with data that
were obtained from accurate photographs of
the laryngoscope with a super-imposed scale
to standardize the measurements, and 66 shell
elements for the larynx with dimensions that were
also extracted from the MR scans. The exact
positioning of the larynx during intubation was
calculated using the clinical experiments described
in Section 2.

In the ideal case, the forces applied by the
anaesthetist to the laryngoscope should be directed
parallel to the axis of the handle [43]. A few studies
have measured and reported the axial forces
[1,3,4,13] applied during direct laryngoscopy.
The authors of these works used a manufactured
laryngoscope handle with strain based sensors
to measure force in patients requiring general
anaesthesia.

In our model, the laryngoscope is initially
positioned forward from the upper incisors and
constrained by the size and elastic properties of the
tongue. Around the outer periphery of the tongue
body, seven axial springs with low stiffness are
included into the model and are put into contact
with the blade, in order to give shear support, to
prevent rigid body motion of the blade, and to
avoid geometric collisions between the two struc-
tures. The displacement characteristics caused by
blade movements are critical and one important
consideration is the space into which the tongue
volume can be displaced (the soft tissues to the side
and below, and the bony constraints, i.e., the
mandible).

Following a classical approach, the primary
boundary conditions are the forces acting along
the dorsum of the tongue (which is essentially
pushed down and to the left by the blade), and a
set of points in the components that remain fixed,
or at least, have restricted movements. The rigid
structures (bone attachments) are defined by the
nodal points at the front edge and lateral parts of
the tongue (attached to the mandible), and the

base of skull (condyles) which connects a ligament
to the dorsum of the tongue and to the direction of
the hyoid bone (shown in Fig. 1) on both sides of
the mouth. As shown in Figure 5, fixed displace-
ments in the x, y and z directions (translations and
rotations) are set in the area of attachment be-
tween tongue and mandible, in the larynx, and
at the base of skull. There is no constraint in
the middle of the inferior base of the tongue. The
hyoid bone area, located along the back end of the
basal plane of the tongue, is freely mobile in ail
directions. There are two boundary conditions
applied on the blade surface: one fixed point of
rotation on the top, and two face loadings acting
on the middle of the blade pushing the tongue
down and to the left (not shown in this picture). In
particular, the outward normal to the face of the
blade determines the positive direction of the load
and allows us to apply a distributed load over the
face. This load is converted into equivalent nodal
loads.

To represent the view of the vocal cords, the
distance between the intersection of the tangent

Macintosh

stylo-hyoid
ligaments

FIGURE 5 The boundary conditions of the model.
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with the blade undersurface, and the plane of the
cords, and the hyoid point was calculated. The
points which define the blade allow exact determi-
nation of position and gradient continuously along
the curve. This provides an easy and efficient
modelling of the vocal cords view by considering
the tangents. We have considered the tangent
vector at the internal joint between every pair of
two consecutive segments and also the tangent
vector at the position vectors which belong to the
blade undersurface. The limit on anterior rotation
of the blade shape occurs when it has maximally
compressed the tongue against the buccal surface
of the mandible. Posterior rotation of the blade
about the hyoid point is limited by contact of the
blade incisor surface with the incisor point.

In view of the lack of concrete data for
modelling the biological tissue of the tongue, we
follow the approach in [6] who found that a good
initial approximation for muscle representations
can be taken from the properties of rubber ma-
terials. The tissue (or muscle) of the tongue is
hence assumed to have isotropic elastic properties
(meaning that its mechanical properties are the
same in all directions), and its volume essentially
incompressible. In this case, the Poisson’s ratio
is set to 0.49, a value which represents volume
preserving materials. The range of values for the
Young’s modulus spans from 0 up to 14 x 10°dyn/
cm? which is equivalent to the values of lightly
vulcanised rubber [54]. As to the laryngoscopes,
they are constructed out of stainless steel with
a Young’s modulus of 1.9 x 10'2dynjcm? and a
Poisson’s ratio of 0.3 [54]. Regarding the specifica-
tion of the constitutive models to describe the
isotropic elastic behaviour of the tongue, we have
considered the material models described in the
next section. N

4. SIMULATING AN EASY CASE
OF LARYNGOSCOPY

This section describes the investigation of the soft
tissue of the tongue under laryngoscope loading.

The analyses use three different material models.
The first analysis uses an elastic model; the second
model incorporates non-linearities; the third and
most complex model incorporates non-linearities
and viscoelastic effects. The first two models are
rate insensitive, while the others are time-depen-
dent. Basically, we are interested in the deformed
shape as a function of the increasing load.

The duration of our laryngoscopic experiments
was close to 17 s with a peak force value achieving
the best possible view approximately at 1ls.
Typical raw data of forces on the tongue [4], and
the peak force values collected from different
volunteers in experiments done by Bishop et al.
[1}, Bucx et al. [4,3], Hastings et al. [13] and
McCoy et al. [26] were used to generate the loading
curves. Figure 6 shows the peak force values for
each loading curve. Figure 7 shows a smoothed
example of one of those loading curves, as
measured by Bucx er al. {4]. All the other loading
curves are normalised so that the peak force is at
11s and the total time is 17s, so that the loading
pattern follows that of Figure 7. Although the
peak force varied as much as 40 N among curves,
all the authors have described the use of similar
methods involving subjects with similar anatomi-
cal characteristics.

4.1. Linear Elastic Tongue Model

It seems reasonable to approach the problem by
using a simple linear model first before going on to
large and complicated analyses. In this respect, the
tissue of the tongue is described by an isotropic,
linear, elastic model which has a linear relationship
between stresses and strains.

The view results are displayed in Figure 8. The
range of possible solutions indicates loading
candidates and stiffness values that may represent
the tongue structure according to the empirical
solution. In each curve, values smaller than a
certain limit for tongue stiffness indicate how the
tongue structure eventually collapses, as a function
of the respective load that was put onto it. The
tongue is deformed beyond certain limits, and
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FIGURE 6 Typical peak forces applied during laryngoscopy. Comparisons between their values show quantitative differences, but
these are often within the variations arising from different experimental conditions.
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FIGURE 7 A smoothed example of a laryngoscopy loading curve. The nature of the calculation is based on the peak force applied

on the tongue, at time=11s.

consequently, the view of the cords exceeds a
maximal value restrained by the length of the
cords and the anterior larynx wail. On the other
hand, high stiffness values in some cases impose a
restriction on blade movement, and consequently,
for tongue deformation, preventing a view of
the cords. We assume that the maximal possi-
ble stiffness variable for representing the
tongue tissue is constrained for values higher than
14 x 10% dyn/cm?.

Based on the anaesthetist’s report which de-
scribes the tongue under anaesthesia as being a very
soft tissue though each time more difficult to de-
form, some uncontentious observations can be
outlined. For example, from the range of solution
of Figure 8, we can say that the linear model allows
the inclusion of some relatively stiff material values
(such as those close to the soft rubber value of
7 x 10%dyn/cm?). This seems unlikely due to the
softness of the tongue during the procedure. Also,
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FIGURE 8 The linear tongue model. The diagram shows the loading curves applied to the tongue during the simulation and the
different stiffness values chosen for representing the tongue material, plotted against the final view of the cords obtained during the
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FIGURE 9 The diagram shows, for different stiffness curves, the view plotted against the peak force applied. The linear behaviour

of the tongue material is shown.

from Figure 9 this linear tongue behaviour seems
to be at variance with the above statement of the
anaesthetist who reports an increasing stiffness of
the tongue during deformation.

Although this model is a classical way to set
a first approximation for the deformation of the
soft tissue of the tongue, and is also a simple
and inexpensive analysis, other alternative models
should be investigated to gain more confidence
about the adequacy. of the range of solution
obtained with the linear model. To this end, more

complex behaviours are produced in the following
sections by introducing non-linear functions into
the model, since for our finite element deforma-
tions the non-linear stress —strain characteristics of
the living tissues should be accounted for.

4.2, Non-linear Elastic Tongue Model

The tissue of the tongue is represented by a strain-
energy function, which characterises the biolog-
ical tongue muscle showing a non-linear elastic
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stress—strain behaviour [41,42]. The classical
Mooney—Rivlin formulation [10, 28] was chosen
because it not only provides an accurate representa-
tion of the mechanical response for large ranges of
deformation [40, 42], but it is also simple enough
for setting the material parameters (containing
only two material constants) for the analyses.
Figure 10 shows that the non-linear model
seems to achieve a more reasonable range (stiff-
ness x view) for representing the tongue. Maximal

stiffness values are reduced to values close to
the rubber stiffness (8 x 10°dyn/cm?). Within the
range of solution, a stiffness value close to 5 x
10°dyn/cm?® is the upper limit found. Since
the tissue of the tongue is very soft, and even softer
under anaesthesia, stiffness values close to the
elastin material (6 x 10%dyn/cm?) [12] or to jelly
materials, may be more realistic than those close
to the soft rubber material (7 x 10°dyn/cm?),
although there is no empirical evidence for this.

23 T
Eiadoe 2l

3 T T T
dyvee Yy Bishop 52N ——w—
Bishop, Bucx 48N —%—
Bishop 44N —-w—
Hastings 39N —a—
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FIGURE 10 The non-linear tongue model. The diagram shows the loading curves applied to the tongue during the simulation and
the different stiffness values chosen for representing the tongue material, plotted against the final view of the cords obtained during

the analysis.
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FIGURE 11 The diagram shows, for different stiffness curves, the view plotted against the peak force applied. The non-linear

behaviour of the tongue material is shown.
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In the non-linear model, at low strains, it is
relatively easy to push/dislocate the tongue and the
model behaves almost linearly. However, at a
particular point of the laryngoscopy, the behav-
iour of the material becomes stiffer and each time
more difficult to deform, even applying higher
forces. As previously mentioned, this fact was
also confirmed by the anaesthetist when asked
to describe subjectively his own perception
when trying to push/dislocate the tongue.
These observations suggest that the non-linear
model provides an improvement over the range
of solutions and behaviour obtained with
the linear model, and appears to approach actual
biological materials more closely.

The next approach is to use the previous non-
linear model and introduce more complex behav-
iour into it by adding viscoelastic constraint
functions. A new set of possible solutions can be
obtained which may provide more evidence to
further constrain the range of possible solutions
for the modelling problem.

4.3. Non-linear Viscoelastic Tongue Model

This material corresponds to an extension of the
Mooney—Rivlin formulation, in which a time-
dependent rate effect of stress is added to represent
viscoelastic effects, and in particular, a stress
relaxation behaviour. Stress relaxation happens
when materials, subjected to a constant strain,
relax and the stress gradually decreases with time
[33]. We use a fully three-dimensional non-linear
viscoelastic formulation [48], capable of accom-
modating general relaxation times. The relaxation
data of our viscoelastic model were sampled for
Is, 11s, and-111s, since extraction of data at
values of relaxation times below 1s and above
111s are uncertain. These values were used only
as trial values to fit the viscoelastic models to
our experimental laryngoscopic data.

A recent work published by Hastings et al. [13]
addresses exactly this stress relaxation phenome-

non during laryngoscopy. Although it is still con-

troversial, and does not provide full evidence

for the observed facts, the work instigates a more
accurate representation of the behaviour of the
soft tissues during the blade manoeuvre. The
authors report that peak force decreased with time
during their laryngoscopic experiments, and in no
case did the laryngoscope blade contact the
maxillary incisors during the measurement period
[14]. However, as far as stress relaxation is con-
cerned, there is no clear evidence about the
possibility of establishing a baseline for measuring
this phenomenon during the short period (on
average, less than 17s) in which their laryngo-
scopic experiments were realised.

We are interested in how the vocal cords view
varies in time within the inner viscoelastic behav-
iour of tongue tissue. The time dependent
response is modelied by an exponential decay
function [48], with a decay factor of 70% of the
peak value and a relaxation time of 1,11, and 111
seconds, respectively. Four loading increments .
are applied at time =0, t=2.75, t=5.50, t=
8.25, and t=11s following the loading pattern
of Figure 7. In the decay function model, the
viscoelastic material of the tongue requires some
initial load to produce the deformation at t=0,
but the load required to maintain this deformation
decreases with time. '

Figure 12 shows the range of values (stiffness x
view) found for representing the model with 11 s of
relaxation time. Figure 13 shows the view of the
vocal cords plotted against the peak force applied
achieved using this model. As the time increases
and the tissue of the tongue relaxes, the non-
linearities, i.e., the curvature of the stress-view
curves (with the relaxation times of 111s, 115, 15,
respectively) seem to decrease. To be more specific,
if we consider the range of possible stiffness values
that satisfies all three viscoelastic models, we have
the stiffness range composed by the values 5,6,7,
and 8 x 10°dyn/cm? as a result. By displaying
the diagram (view x stress) composed by the three
viscoelastic models for one of the above stiffness
values, e.g., 7 x 10°dyn/cm? (Fig. 14), we can note
this fact better. Also, for a same stiffness value the
same loading achieves a better view of the cords
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FIGURE 12 The non-linear, viscoelastic tongue model with a relaxation time of 11 s. The diagram shows the loading curves applied
to the viscoelastic tongue during the simulation and the different stiffness values chosen for representing the tongue material, plotted

against the final view of the cords obtained during the analysis.
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stress (N)
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FIGURE 13 The diagram shows, for different stiffness curves, the view plotted against the peak force applied. The non-linear

behaviour of the viscoelastic tongue material is shown.

for shorter relaxation times than for longer ones.
As an example, in Figure 14, a force of 44N
applied onto the structure of the tongue produces
a better view for the viscoelastic material with a
relaxation time of 11s (1.5cm) than for that of
111s (0.79 cm).

We observe that if the relaxation time is short
compared with the present time, then the stress at
a given time becomes small. On the other hand, if
the relaxation time is long, then the stress is nearly

the same as the original stress. The viscoelastic
model with 1s of relaxation time exhibits a large
deformation combined with low stiffness. Because
this material deforms very quickly, high stiffness
values are needed to prevent the degeneration of
the whole tongue structure, and thus, are unlikely
to represent the tongue material.

Some general observations suggest that the non-
linearities in the behaviour of the models increase
according to the following sequence: viscoelastic
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-

15 of relaxation time —»—
115 of relaxation time —%-—
1115 of relaxation time —w—
i i

15 2 25
view (cm)

FIGURE 14 Comparisons between the different behaviours of the viscoelastic models with 1, 11, and 111's of relaxation times, for

a stiffness value of 7 x 10° dyn/cm>.

1s, viscoelastic 11s, linear, viscoelastic 111 s, and
non-linear models. This behaviour is displayed in
Figure 15. Alternatively, we can also investigate
how the view improves in each model, for a given
load and stiffness value (e.g., 28 N and 4 x 10°dyn/
cm?, respectively). As a result, the viscoelastic
models (with 11s and 111s of relaxation times)
achieve a better view of the cords (1.85cm and
1.05 cm, respectively), followed by the linear model
(0.97cm), and last, by the non-linear one
(0.10cm). This is shown in Figure 16. In this

diagram, we note that the range of possible
stiffness values varies significantly among models,
even when subject to the same loading (28 N).
Apparently, the viscoelastic with 111s of relaxa-
tion time and the linear models produce similar
results. The viscoelastic model with 1s of relaxa-
tion time degenerates the tongue structure for the
above 4 x 10° dyn/cm? stiffness value observed.
Finally, we can also compare view values close to
the expected solution (1.6cm) in the easy case, for
relatively close stiffness values. This is shown in

stress (N)

»
— nonlinear —e—

viscoelastic, 1s —%—
viscoelastic, 115 —o—
viscoglastic, 1115 —v—]

o N i

I A

0 05 1

15 2 25
view (cm) .

FIGURE 15 The diagram shows the view plotted against the peak force applied, for a stiffness value of § x 10% dyn/cm?. The degree

of non-linearities in the curves can be compared.
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viscoelastic, 115 —8—
viscoelastic, 1115 —o— \|
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6 8 10

stiffness (xe6 dyn/cm**2)

FIGURE 16 The diagram shows the loading curve of 28 N applied to the tongue, with a stiffness value of 4 x 10®dyn/cm? plotted
against the final view of the cords in each model (linear, non-linear, and all viscoelastic).

range of solution
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Hastings 39N, viscoelastic, 11s —a—
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stiffness (xe6 dyn‘cm**2)

FIGURE 17 The diagram shows possible view solutions where values are close to 1.6cm, for a same stiffness value.

Figure 17. It is observed that the loading necessary
to deform the tongue varies across models and
increases in the following order: viscoelastic (1,
11s, 1115s), linear, non-linear.

So far we have dealt with five models to
represent the behaviour of the tongue tissue in
an easy laryngoscopy experiment. In the next sec-
tion, we show that the difficult laryngoscopy ex-
periment is also reproducible by applying the
same analyses and models utilised in the easy case.
In particular, we find a possible range of solutions

that satisfies, at a time, both the easy and the
difficuit experiments.

5. CONSTRAINING THE MODEL
PARAMETERS WITH A DIFFICULT
CASE

No matter what blade model is used, we suppose
that difficult cases need higher force values to
achieve a better view of the cords. This seems
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reasonable, since the first reaction of the anaes-
thetist struggling to view the glottis is to increase
the effort exerted to dislocate the soft tissues when
laryngeal exposure is difficult. The situation can be
even worse in cases when nothing can be done
about the skeletal problem and the anaesthetist
has to cope with the secondary effects of soft
" tissues (size of the tongue and degree of deforma-
tion of the soft tissues, among others).

As reported by the anaesthetist, in the difficult
case, the vocal cords could not be seen by him
using considerable lifting force with the laryngo-
scope blade. Assuming that force is inversely
related to the laryngeal view, we make use of
the top end of Figure 6, which has a peak
force value of 52N. If the top end value is
insufficient to displace the tongue, we assume
that any other lower values will be insufficient
too. On the other hand, if the top end force is
excessive and damages the tongue structure, we
choose the loading curve with a peak force value
immediately below, and so on. Therefore, in a
given model, the smaller the loading values, the
lower the range of stiffness for representing the
tongue tissue.

The results are plotted in Figure 18. We can
clearly see that the viscoelastic model with 1s of

M. A. F. RODRIGUES et al.

relaxation time lies apart from the others in the
view domain, and thus, it is excluded as a possible
useful representation for the empirical situation.
Recall that we expect to obtain no view in this
case, according to Figure 3(a) or, more precisely,
some negative view close to —0.3cm. As an
estimation of error, we consider the range of
probable solutions spanning from 0 to —0.5cm
for the view values.

The remaining models apparently lie within the
range of possible solutions in the view domain.
However, we need to compare the behaviours of
each one of these models in the easy and difficult
cases. In this way we can confirm whether, for a
specific model, the parameters found as possible
solutions in the easy case satisfy also the set of
solutions for the difficult case.

The diagram of Figure 18 shows that the linear
model is not a good candidate model. Although
it achieves a good view value for the cords,
within the range of solution for the easy case
(Fig. 8), the same stiffness values spanning

_ approximately 6.3 to 6.7 x 10°dyn/cm? are not

solutions for the difficult case. Moreover, these
values are unrealistic because they predict a
view in the difficult situation, where we expect to
obtain no view at all. Hence, the linear model

‘0s

£
3
3 0
§ : ]
range of sofution
; A\ \\ﬂ
Jd b Linear ——1
Non-linear —e-1
Non-Jinear, viscoelastic, relaxation of 1s —#—-
Non-linear, viscoelastic, relaxation of 11s —&—1-
H P Non-linear, viscoclastic, relaxation of 1115 —a-1-
s i i i 1 f L
[ 2 4 c6 8 10 12 14

stiffness (xe6 dyn/cm**2)

FIGURE 18 A difficult case of laryngoscopy. The diagram shows, for different stiffness curves, the view plotted against the peak

force applied.
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. Macintosh blade
Macintosh blade

incisors

FIGURE 19 Lateral view of a simulated laryngoscopy sequence (easy case) using a laryngoscope blade with 1.59 cm of vocal cords
view. This graphic represents the non-linear model, with values of Fpeq = 35N and tongue stiffness =3 x 10®dyn/cm® Changes in
stress distribution are represented by the shaded regions (lighter regions correspond to areas of high tensile stresses).

proves itself unsuitable as a possible candidate for A better behaviour is achieved by the viscoelas-
representing the behaviour of the tongue during  tic model with 11s of relaxation time (Fig. 12). It
laryngoscopy. ’ predicts a view using stiffness values spanning
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from 7.8 to 8.35 x 10°dyn/cm?, and no view for
values spanning from 7.9 to 9 x 10°dyn/cm?
(Fig. 18). Therefore, it provides an intersection of
solutions between both easy and difficult situations
and may be a suitable candidate model.

A much better behaviour is obtained with the
non-linear model. It shows a solution range with
stiffness values spanning from 4.3 to 4.7 x 10®dyn/
cm? in the easy case (Fig. 10), and from 4.5 to
5.2 x 10°dyn/cm?, in the difficult case (Fig. 18).
Also, stiffness values that are unrealistic for the
easy case are also unrealistic for the difficult case.
" This fact reinforces the degree of coherency be-
tween the parameters used on both laryngo-
scopic cases, and defines a more refined boundary
to further constrain the possible range of solu-
tions. As an example, in Figure 10, a stiffness value
of 4 x 10°dyn/cm? subject to a loading of 52N
achieves a view of 2cm in the easy case (beyond
the total length of the vocal cords, estimated as
1.80cm). Not differently, in Figure 18 the same
stiffness vdlue used in the easy case achieves a view

—Macintosh blade

incisors

(@

of 0.5cm in the difficult situation, whereas no view
is expected. Other similar unrealistic values that
lack coherency in satisfying both easy and difficult
cases at the same time are also considered out of
the range of solution.

6. SELECTED SIMULATION
SEQUENCES

Ilustrative snapshots of the deformations of the
tongue are shown in Figures 19-21. We selected 3
out of a sequence of 17 frames to represent the
easy case, where the same frame sequence is
displayed from three different points of view. The
original (only the contour) and the deformed
shapes are shown simultaneously. These three-
dimensional graphics were selected to convey the
scope of some of the possible solutions found
using the previous deformable models. In partic-
ular, convergent results could be obtained, con-
trolled by a critical evaluation of the geometric

Macintosh blade

incisors

tongue

(®)

FIGURE 20 Displacement of the tongue to the left (easy case) by a blade. (a) shows the undeformed tongue state, and (b) shows the
deformed tongue through a view down the throat towards the tongue. Changes in stress distribution are represented by the shaded
regions (lighter regions correspond to areas of high tensile stresses).
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BIE T2 S M)

A

| Macintosh
blade

vocal cords view

i
Macintosh
blade

" vocal cords view

FIGURE 21 In-line view for the easy case. From the left to the right, the original and deformed shapes of tongue and blade are
displayed at increments 2,7, and 11, respectively. In the last frame, the tip of the blade is at the mid-line, whereas the left side of the
blade at the proximal end (at the lips) is located to the right, very close to the mid-line.-Changes in stress distribution are represented
by the shaded regions (lighter regions correspond to areas of high tensile stresses).



146 M. A. F. RODRIGUES et al.

quality of the tongue mesh, and also of the stress
discontinuity between elements during all the
analyses. We ran about 800 simulations, each time
with a different set of parameters. We believe that
we have covered a wide spectrum of possible
stiffness values, loadings, and deformable models
for representing the soft tissue of the tongue
during laryngoscopy. Also, we set a range of
parameters for the models in such a way that
the corresponding views are biologically plausible
with the laryngoscopic experiments. :

7. CONCLUSION

Deformable models for simulating laryngoscopy
have been proposed and developed successfully.
The main upper airway structures have been
modelled, providing a simple discrete parametrisa-
tion of the tongue, larynx, vocal cords, and blade
model during laryngoscopy. External forces
applied on the tongue structure were used as
the input to the system. By varying the elasticity
parameters of the tongue under a given set of
conditions, we show that realistic deformations
can be achieved, and that both easy and difficult
laryngoscopies are reproducible.

The models are based on data obtained from a
real patient with a particular interest to simulate
the deformation of the tongue, and to observe the
consequent view of the vocal cords. In particular,
we were able to provide a good three-dimensional
tongue mesh from MR images, even using few
cross-sections. We have done experiments with five
alternative formulations of deformable tongue
models. In principle, we used expressions to simu-
late linear and non-linear elastic materials. The
stress relaxation formulation has allowed us to
demonstrate interesting viscoelastic effects. A
series of finite element analyses were performed
to simulate deformations of the tongue; the
relationships between the various elastic/non elas-
tic constants were investigated; and a comparison
of these simulations with actual deformations was
presented.

As regards the behaviour of the models, it is still
unclear to what extent a non-linear or viscoelastic
model would be the most suitable. In particular,
the question arises whether a strain-energy func-
tion exists for the tongue material. The existence of
a strain-energy function is an assumption that
should be justified by experiments analysing the
human tongue tissue in vivo, consistent with the
accepted degree of approximation. Of course, con-
clusions regarding the validity of the visco-
elastic results should be made with caution due to
the incompleteness of empirical data concerning
the existence of the stress relaxation phenomenon
during laryngoscopy. According to our analyses
and experiments, the non-linear model behaves
similarly to the experimental studies, followed next
by the viscoelastic model with 11s of relaxation
time. The ultimate conclusion is certainly linked to
empirical studies of tongue tissue and critical
analysis of force-feedback systems.

What these experiments do reveal is the kind of
investigations involving the material behaviour of
the tongue and the vocal cords view. Not all the
causes related to the investigation of the outcome

‘of a laryngoscopy were included in this model.

However, some important mechanical aspects have
been modelled and proved capable of representing
realistic information about the complex mechan-
isms involved. These include the geometry of the
upper airways, the deformable behaviour of the
tongue and ligaments, and blade shape. Specifi-
cally, when the tongue size and elasticity is suffi-
cient to compensate unfavourable factors, such as
the geometry, tongue displacement is not difficult;
otherwise, difficulty may be anticipated.

These models and simulation prototypes can be
used for a number of tasks. These include the

formulation of effective strategies for both pre- -

dicted and unexpectedly difficult laryngoscopy.
According to the model configurations, it can also
be possible to estimate optimal blade models for
patients, and in certain circumstances, predict the
occurrence of difficuity. We also believe that
computer models of laryngoscopy may be incor-
porated in simulators for training anaesthetists
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and medical students in the future. Finally, we
hope that this work can provide the development
of a practical but effective graphical, clinical tool
for research into the upper airways.
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