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ABSTRACT

Background In this paper, we study the ability of a 3D biomechanical model of the oral cavity to
predict the consequences of tongue surgery on tongue movements, according to the size and location
of the tissue loss and the nature of the flap used by the surgeon.

Method The core of our model consists of a 3D biomechanical model representing the tongue as a
Finite Element Structure with hexahedral elements and hyperelastic properties, in which muscles are
represented by specific subsets of elements. This model is inserted in the oral cavity including jaw,
palate and pharyngeal walls. Hemiglossectomy and large resection of the mouth floor are simulated by
removing the elements corresponding to the tissue losses. Three kinds of reconstruction are modelled,
assuming flaps with low, medium or high stiffness..

Results The consequences of these different surgical treatments during the activations of some of the
main tongue muscles are shown. Differences in global 3D tongue shape and in velocity patterns are
evaluated and interpreted in terms of their potential impact on speech articulation. These simulations
have shown to be efficient in accounting for some of the clinically observed consequences of tongue
surgery.

Conclusion Further improvements still need to be done before being able to generate easily patient-
specific models and to decrease significantly the computation time. However, this approach should
represent a significant improvement in planning tongue surgery systems and should be a very useful

means of improving the understanding of muscle behaviour after partial resection.



l. Introduction

Tongue surgery can have severe consequences on tongue mobility and tongue deformation
capabilities. It can generate strong impairments of three basic functions of the human life, namely
masticating, swallowing and speaking, which induce a noticeable decrease of the quality of life of the
patients. Several assessments of these impairments have been done in post-surgery conditions on
patients, who had undergone tongue and/or mouth floor carcinoma resections and reconstructions.

These assessments were based either on well-established functional protocols, such as the University

of Washington Quality of Life Instrument (1), evaluating among other tasks the patients'
communication skills (2-3), on specific acoustic speech corpora (4-5) assessing the lost of speech
movements amplitude and accuracy, or on quantitative measurements of the oral cavity (6-7).

Statistical analyses of the results collected on large enough samples of patients could provide
valuable indications about the impacts of surgery and reconstruction techniques
In the line of works carried out in predictive medicine to set up systems of computer aided surgery,

such as in orthopaedic (spine and pelvis) (8-10), cranio-facial (11-13) surgeries, this paper presents

the current achievements of a long term project aiming at predicting and assessing the impact of
tongue and mouth floor surgery on speech production. The ultimate objective of this project is the
design of a software with which surgeons should be able 1) to design a 3D biomechanical model of
the tongue and of the mouth floor that matches the anatomical characteristics of each patient specific
oral cavity, 2) to simulate the anatomical changes induced by the surgery and the possible
reconstruction, and 3) to quantitatively predict and assess the consequences of these anatomical
changes on tongue mobility and speech production after surgery.

The interest of this approach is linked with functional aspects of the surgical reconstruction. Depending
on the site and the size of the tissue losses, the functional alteration can originate from a lack of
surface, lining and texture, a lack of volume and bulk, or a lack of mobility. The choice of the flap used
for the reconstruction is also an important issue. From this perspective, a biomechanical model of the

tongue is helpful, since it allows simulating the planned surgery in terms of cut design. Such a model



could also be helpful to select a specific kind of flap in comparison to others, since it allows a
quantitative study of the mobility of the tongue for different reconstructions.

The 3D model of the oral cavity is presented in the "Material and Methods" section, together with a
description of typical examples of simulations of tongue resection and reconstruction. In the "Results"
section the consequences of the simulated surgeries on tongue displacement are shown, and an
analysis of their potential consequences for speech production is proposed. Perspectives and further

developments of the projects are discussed in the "Conclusion” section.

Il.Material and method

Our work is based on four basic steps:

. Development of a 3D biomechanical model of the oral cavity

. Implementation on this model of the anatomical and mechanical transformations generated by the
most frequent tongue resections and their associated reconstructions.

. Simulations with the model of the displacements and the shaping of the tongue associated with
the activation of the main tongue muscles, before and after surgery.

. Interpretation of these simulations in terms of implications for speech production after tongue
surgery.

The 3D oral cavity model was originally designed by Gérard et al. (14-15) and it was further enhanced

recently for speech production control by Buchaillard et al. (16). It was developed in the ANSYS™

Finite Elements software environment. Models of the jaw, the teeth, the palate, the pharynx, the
tongue and the hyoid bone are its basic constituents. The tongue and the hyoid bone are represented
by volumes meshed with 3D hexahedral and tetrahedral elements respectively, while the other
structures are modelled by 3D surface elements. These surface elements are essentially considered

as oral cavity limits with which the tongue interacts due to mechanical contacts.

I.1. The 3D biomechanical model of the tongue

I.1.1. Some basics about tongue anatomy
Among the nine muscles that act on the tongue structure, there are five extrinsic muscles that

originate from structures external to the tongue (mostly bony structures) and insert into the tongue: the

genioglossus, the styloglossus, the hyoglossus, the geniohyoid and the palatoglossus. Four additional



intrinsic muscles are completely embedded in the tongue structure: the inferior and superior
longitudinal, the verticalis and the transversus. For all these muscles the fibres are mainly oriented in
the front/back or in the vertical direction, except for the transversus, which fibres are transversally

oriented. In addition the majority of them are paired muscles, symmetrically distributed on each side of
the midsagittal plane of the head. Detailed descriptions of tongue anatomy can be found in (17), (18),
and (19).

As concerns the functions of these muscles for tongue moving and tongue shaping, the description in
this paper will be limited to the muscles that have been used in the simulations shown in section IIl.
The anterior bundle of the genioglossus tracts the apex down and forward. lts middle bundle propels
the tongue out of the oral cavity. lts inferior and posterior bundles tracts the base forward and elevates
the core of the tongue. The styloglossus raises the base, and elevates globally the tongue in the velar
area. The hyoglossus lowers the tongue and brings it back after propulsion. The superior longitudinal
shortens the tongue and tracts the apex up and back. The transversus shortens the transversal
diameter and makes the tongue sharper.

The floor of the mouth is a crescent-shaped space extending from the lower alveolar ridge to the

ventral surface of the tongue. Its anterior part allows good mobility and protraction of the tongue.

I1.1.2. Finite elements mesh design
The mesh design process is completely described in (14) and (20). The main guidelines are the

following. In a first step, a generic mesh was designed from the Visible Human Project TM data set. It
specifies the shape of the elements taking into account the main trends of muscle anatomy such as
the main orientations of muscles fibres. A precise implementation of muscles was done in this generic

mesh thanks to accurate anatomical data extracted from (17), (18), and (19) (see (14) for a

comprehensive description). This approach allowed a realistic description of the muscular anatomy of
the tongue. However, since it is based on data collected from a frozen cadaver, the geometry of the
tongue is likely to be altered as compared to living subjects.

This is why, in a second step, the geometry of the generic mesh was transformed, so that it matches
the external 3D contours of the tongue of a living subject (PB), for whom many different kinds of data

(CT-Scans, MRI data, X-Ray data) about the head and the oral cavity had been collected. The

external tongue contours were extracted from the MRI data, with manual image segmentation (21).



Thus, a new subject specific finite element mesh was achieved via a mesh-matching algorithm (22)

projecting the external nodes of the generic mesh onto the tongue surface measured from PB's MRI
data, followed by an interpolation process specifying the internal nodes positions from the new
external mesh while respecting the original structure of the generic mesh. Finally a geometrical
refinement was carried out from an X-Ray midsagittal view of PB's oral cavity at rest in a seating
position (Figure 1, left panel). This was done because the supine position of the subject during the
MRI data acquisition is likely to influence the tongue shape due to gravity. This final adaptation
guarantees the best possible definition of the tongue geometry at rest. This mesh was then included in
a whole oral cavity by inserting it in the jaw, palate, and pharyngeal surface meshes that were

extracted from PB's MRI and CT-scans data (Figure 1, right panel).

I1.1.3. Muscle representation
Muscles are represented as a set of adjacent elements in the tongue mesh. Figure 2 shows the

arrangement of muscles activated in section lll. It should be noted that the genioglossus has been
divided in its three functional parts: posterior, medium and anterior. Macro-fibres, that represent
bundles of muscular fibres, were defined by joining finite elements nodes for every muscle, according

to the fibres known orientation (represented in red on Figure 2).

Muscle activation is produced by an external generator based on a functional model of muscle force
generation mechanisms, the Equilibrium Point Hypothesis also called A model (23). The
implementation of this model was adapted to the tongue in order to ensure positioning accuracy and

stability. Details can be found in (16).

Il.1.4. Tongue biomechanics

The tongue was modelled as a soft tissue attached to the hyoid bone, the jaw and the styloid process,
in interaction through soft contacts with the anterior part of the palate and the lower teeth. It consists of

a 3D Finite Element model assuming a large deformation framework with a non-linear hyper-elastic

constitutive law (15; 24). Arguing the fact that the constitutive law (i.e. the stress-strain relationship)
proposed by Gérard et al. (24) was extracted from data collected on tongue tissues removed from a

fresh cadaver, we proposed to adapt this original law to account for differences between passive
tissues and tissues belonging to active muscles. Therefore, two different constitutive equations were

introduced: one describing the passive behaviour of the tongue tissues and another one modelling the



stiffness of the tissues as an increasing function of tongue muscles activations. For a given element of
the model, the passive (respectively the active) constitutive law is used if the element belongs to a
region that is supposed to be passive (respectively active). The passive constitutive law was directly

derived from this non-linear law (24). However, as the stiffness of passive tissues removed from a

cadaver is known to be lower than the one measured on in vivo tissues, it was decided to modify the
constitutive law originally proposed in our tongue model. To our knowledge, one of the most relevant

in vivo measurements provided in the literature for human muscle stiffness is the one proposed by

Duck (25). This work provided a value of 6.2kPa for a human muscle in its rest position, and a value of

110kPa for the same muscle when it was contracted. As the original constitutive law of Gérard et al.

(15) provided a value of 1.15kPa for the stiffness at the origin (i.e. the Young modulus value at low

strains), it was decided to multiply the original constitutive law by a factor of 5.4, in order to reach the
6.2kPa value at the origin while maintaining the overall non-linear shape of the passive constitutive

law. Figure 3 plots the corresponding law.

As concerns the constitutive law that describes the mechanical behaviour of an element belonging to
an active muscular region, it was decided to arbitrarily multiply the passive constitutive law by a factor
that is a function of the muscle activation. The underlying idea is that an activation of the muscle leads

to an increase of its stiffness. The multiplying factor was chosen in order to maintain the stiffness value

below 110kPa when maximal muscle activation is simulated (25).

The tongue mass density was chosen equal to 1040kg/m3. With the proposed finite element mesh the
tongue mass was calculated equal to 105g. The damping was defined by specifying mass and

stiffness Rayleigh damping constants that were set respectively to 10 and 0.7.

I1.1.5. Hyoid bone biomechanics

The hyoid bone is represented by 4-nodes 3D tetrahedral elements. Its mass approximates 5g. Its
body gives insertion to the mylohyoid, the geniohyoid and the posterior part of the genioglossus, and
the greater cornua to the hyoglossus. Nodes on the tongue mesh corresponding to muscle insertions
were selected as insertion nodes. A set of 10 springs emerging from the hyoid bone were used to
represent the anterior part of the digastric, its posterior part, as well as the sternohyoid, omohyoid and

thyrohyoid muscles. The spring’s stiffness was set to 200N.m™. The insertion nodes and the hyoid



bone define a rigid region to ensure a realistic coupling between the hyoid bone and the surrounding

muscles.

I1.1.6. Contacts between tongue and hard structures

Three contact regions were determined to represent the contact between the tongue and 1) the hard
palate, 2) the soft palate, 3) the lower teeth and the inner face of the mandible. For each region, a
group of elements belonging to the tongue surface, called the contact surface, and to the second
region of interest, called the target surface, were selected. At each step of the resolution, collisions
and contacts were detected for every surface/target pair and resolved using an augmented
Lagrangian contact algorithm (iterative penalty method). We used a contact stiffness factor of 0.10
(ANSYST'\’I FKN parameter) for the different pairs, and an allowable penetration (ANSYSTM FTOLN

parameters) of 0.2mm for the first two pairs (contact with the palate), and 0.3mm for the last one.

11.2. Simulations of tongue surgery

Clinically, tongue surgery is essentially considered in two cases: functional disabilities associated with
an excess of the tongue volume (macroglossectomy) and presence of carcinomas within the tongue
tissues. In some cases the tissues loss due to the resection is compensated by a reconstruction
procedure using flaps. In this section simulations of three very common tongue resections used to

remove tongue tumours are presented. Some cases of reconstructions have also been simulated.

1.2.1. Hemiglossectomy

Most of the cancers occur on the lateral border of the tongue at the junction between the middle and
posterior thirds. Surgical resection for oral tongue cancer can be aggressive with planned margins of
at least 1 cm. For tumours with diameters as large as 2 cm the hemiglossectomy is the recommended
surgical treatment. The first surgery that was simulated on the model corresponds to this case. It is

shown on Figure 4 for a left hemiglossectomy.

In this implementation, the resection affects the large majority of the tongue muscles. The left part of
the styloglossus is removed as well as the left anterior parts of the inferior and superior longitudinal
muscles, the left anterior parts of the transverse and vertical muscles and the upper part of the left

hyoglossus. The medium and anterior parts of the left genioglossus are nearly entirely removed,



whereas its posterior part is only partially affected. Since the resection affects only half the tongue’s

body, we can expect highly dissymmetric movement of the tongue after such a resection.

11.2.2. Mouth floor resection

In the anterior floor of the mouth, the smallest tumours involve mucosa. The resection extends then in
the mucosa behind the alveolar ridge, to the excluded ventral face of the tongue. This corresponds to
the second example of surgery that was implemented on the model (see Figure 5). In that case, the
mobile tongue is totally preserved. The anterior part of the genioglossus is removed as well as the
totality of two major muscles of the mouth floor, namely the geniohyoid and the mylohyoid muscles.
For the moment, we consider surgery that affects the muscles only, not the lingual nerve or the

mandible.

11.2.3. Reconstruction
Reconstruction of the tongue can be achieved with primary closure and local, regional or distant flaps.

Resections of the anterior part of mouth floor due to small tumours can be repaired with local flaps.
The most common local flap is the buccinator muscle flap. It is versatile and its elastic characteristics
seem to be comparable with those of the oral mucosa. The size of the flap is small. Two flaps (one of
each side) can be used to repair a defect of the mouth floor. In such cases, the reconstruction allows a
better mobility and avoids a spontaneous protrusion of the tongue out of the oral cavity. When the
resection includes the ventral tongue or/and the posterior part of the tongue, the reconstruction has to
be composite, with a musculocutaneous flap (pectoralis major and latissimus dorsi) or, even better,
with an osteocutaneous flap (fibula). These flaps are less versatile and their elasticity significantly
differs from the one of the oral mucosa. After surgery, radiotherapy is often necessary, especially
when the lymphatic nodes or the bone are involved by the tumour. The surface characteristics of the
soft tissues are modified by the radiations and they loose their softness. The final result differs

according to whether the patient underwent or not radiotherapy.

For the two modelled resections (namely hemiglossectomy and mouth floor resection), four cases
were studied that attempt at reproducing these different characteristics of the flap, and the
consequences of a possible radiotherapy. First we simply implemented a resection of the tongue
without reconstruction. Then three different kinds of flaps were used : a flap having exactly the same

biomechanical properties as the passive tissues of a healthy tongue (see Figure 3), a flap with a



stiffness 5 times smaller and a third one with a stiffness 6 times higher. These flaps are totally inactive

during the tongue activation.

lll. Results

All the simulations presented below correspond to muscle activation patterns lasting 150 ms.

lll.1.  Asymmetrical movements of the tongue following a

hemiglossectomy

In normal conditions, the tongue movements are coarsely symmetric (pair muscles are activated
simultaneously according to a similar pattern of activation). After a hemiglossectomy, this symmetry is
broken, since half the tongue is removed and possibly reconstructed, and it induces asymmetries in
tongue displacements and shaping. The induced deviations from normal symmetrical movements are
more or less important depending on the muscles that are activated. Figure 6 shows a case of
important deviation with a frontal view of the tongue mesh after a 150 ms activation of the
styloglossus. As expected, in the absence of surgery, this activation pulls the tongue upwards and
backwards, and lets the model perfectly symmetric (normal model, Figure 6(a)). When the left-side of
the tongue is removed and reconstructed (Figure 6(b-d), an asymmetry of the tongue shaping is
observed, characterized by a torsion of the tongue apex and of the tongue dorsum, and by an
important deviation of the apex from the midsagittal plane. The physical properties of the flap have a
strong impact on the amplitude of the tongue torsion and consequently on the maximal elevation of the
tongue in the velar region. Figure 7 (left panel) shows a frontal view of the apical tongue for the same
simulations. The torsion decreases when the stiffness of the flap increases. Hence, it seems more
difficult to control the positioning of the surface of the tongue when the stiffness of the flap is small.
However, these different images show that the stiffness of the flap has nearly no influence on the
lateral deviation of the apex (in the three conditions, the central node deviates of approximately 5 mm
towards the right). However, Figure 6(b-d) shows that increasing the stiffness of the flap reduces the
maximal elevation of the right part of the tongue dorsum, which is consistent with the reduction of the
torsion. Figure 7 (right panel) shows a complementary view in the midsagittal plane. Due to the fact
that that only the right styloglossus can be activated in reconstructed tongues, the backward and

upward displacement of the tongue is reduced compared to the normal condition. It was also observed
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that the velocity of tongue movements is much lower. We can also notice that, in the midsagittal plane,
the tongue shapes associated with the three different flap stiffness differ essentially in the apical area,

not in the posterior region.

lll.2. Impacts movements of the tongue after a mouth floor
resection

The resection of the mouth floor only affects the posterior genioglossus, the mylohyoid and the
geniohyoid. Therefore, consequences can be expected on the ability of the patients to move
simultaneously their tongue forwards and upwards. They are simulated below in section 111.2.2 for
different hypotheses about muscle force recovery after resection. Interestingly, difficulties have also
been observed for upward movements in the velar region, which essentially involve the activation of
the styloglossus that is not directly affected by the surgery. In order to understand the origins of this
observed impairment, the action of this muscle assuming a resection of a medium size tumour of the

mouth floor was simulated. Results are described in section 111.2.1.

l.2.1. Effects on tongue elevation in the velar region.

The consequences of a styloglossus activation were evaluated assuming a resection of a medium size
tumour of the mouth floor and for reconstructions involving three levels of stiffness of the flaps. Figure
8 shows the resulting shapes of the tongue in the midsagittal plane after activation of the styloglossus.
Differences are very small. However, looking at the kinematic characteristics of the movement from
the rest position to the final tongue shape, it was observed that velocity is affected by flap stiffness.
Table 1 shows the maximal velocity reached during the movement by nodes located on the surface of
the tongue: a high stiffness flap reduces the maximal velocity of the tongue (about 20% of decrease)
as compared to the intact tongue. Thus, it can be assumed that difficulties in the production of upward
movements in the velar region could be the result of a too high stiffness of the flap. Moreover, as
illustrated in table 1, using softer flap could limit the disturbances caused by the resection and the

reconstruction for this particular movement.

l.2.2. Effect on tongue advancement
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The last series of tests presented in Figure 9 shows the co-contraction of the posterior genioglossus,
styloglossus and transversus, resulting in a forward and upward movement of the tongue for a normal
configuration. During the resection of the floor of the mouth, only the anterior part of the posterior
genioglossus is removed, resulting in a shorter muscle which fibres insert on the flap after the
reconstruction. Little is known about the way muscles contract once they have been partially
shortened, and the level of activation that can be expected. Three options were tested for the
activation of the fibres of the posterior genioglossus: 1) absence of activation, 2) low level of activation

compared to the normal case, 3) similar level of activation compared to the normal case.

Results of the simulations show how difficult it can be to pull the tongue upward and front, once the
genioglossus has been partially removed, even in case 3 where it is hypothesized that muscle
activation is preserved. Once the genioglossus insertions on the superior mental spine of the mandible
have been removed, it losses its capacity to protrude and elevate the tongue. Increasing the stiffness
of the flap facilitates clearly the tongue propulsion, even if it is still not sufficient to retrieve the same
shape as in the normal case.

These results show that in case of mouth floor resection and reconstruction the stiffness of the flap
can dramatically influence tongue mobility. However, while it seems to be better to use soft flap to
preserve tongue elevation in the velar region, stiff flaps appear to be better to maintain the front/up
movement of the tongue. This shows how interesting the use of a biomechanical model of the tongue
can be in the planning of tongue surgery in order to limit the negative effects of the surgery in terms of

tongue mobility.

lll.3. Interpretation in terms of impact on speech production

The control of the tongue for speech production essentially consists of an accurate positioning and
shaping of this articulator in reference to the external walls of the oral cavity, namely the hard palate,
the soft palate and the pharyngeal wall. This positioning determines first the size of the different
resonance cavities of the vocal tract and their coupling, and it influences the spectral characteristics of
the sound. It also determines the aeroacoustic nature of the airflow, laminar (when tongue is not too
close to the external walls) or turbulent (in case of small cross-sectional area of the oral cavity), which

differentiates vowels from consonants. Time characteristics are also very important in speech
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production, which means that the velocity of the articulatory movements has to match a number of

constraints.

It was shown above that a hemiglossectomy generates a strong deviation of the tongue positioning in
the coronal plane. Consequently, in the absence of reconstruction, new strategies have to be
developed by the patients in order to compensate for this deviation. Further works with the model
should tell us whether such compensations are actually possible. More specifically, an important issue
is whether the residual volume of the tongue in the palatal region is large enough to allow the
production of the oral cavity closure that is required for the production of turbulent airflows underlying
the production of alveolar and palatal consonants. In case of reconstruction, the volume should not be
a problem any more. In this case it was shown that the control of the surface of the tongue, and then
of the cross-sectional shape of the oral cavity (important for the characteristics of turbulent airflows)
was easier with stiff flaps. However, it was also shown that reconstruction involving stiff flaps strongly
decrease the amplitude of upward tongue movements. As a consequence, the positioning of the
tongue near the hard and the soft palates is largely impaired, inducing difficulties in the production of
high vowels such as /i/, /e/, ly/ or /u/, or of consonants such as /t/ or /k/. This difficulty was clearly

observed in former studies of patients who underwent hemiglossectomy (5).

In the same study (5), it was observed that patients having undergone an important mouth floor

resection often had strong difficulties to produce sounds articulated in the velar region such as vowel
/u/ or consonant /k/. The simulations shown above in section 111.2.2 provide an interesting explanation
for this phenomenon: the stiffness of the flap was probably too high. Indeed, in these conditions,
according to our simulations, even if these patients could have been able to produce the right
positioning and shaping of the tongue, the movement velocity could have decreased so much that it
would not longer be possible to shape properly the tongue within a speech sequence with the correct
timing. At the same time, our simulations have also shown that in case of mouth floor reconstruction,
stiff flaps would allow more forward displacement, facilitating the production of high front vowels such

as /i/, Iyl and /e/.

Hence, the simulations presented in this paper are in quite good agreement with observations made

on patients after tongue surgery. They also show how useful such simulations can be for surgery
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planning, since they demonstrate that in case of reconstruction of the moving part of the tongue, the

stiffness of the flap has to be very carefully taken into consideration.

IV. Conclusion

Simulations with a realistic 3D biomechanical model of the tongue have shown that some of the
clinically observed consequences of tongue surgery, including partial resection and reconstruction with
a flap, on tongue mobility and speech articulation could be well accounted for by such a model. The
potential role of the mechanical characteristics of the flap on tongue mobility was shown. Moreover, it
appeared that controlling flap stiffness could help preserving speech production capabilities.

As shown in section V.2.2. our approach can also be very useful to improve the understanding of
muscle behaviour after partial resection. Comparison of simulation results with data collected on
patients could shed light on the hypothesis (no activation, partial activation or full activation) that
seems to be the most realistic.

Therefore, using such a model should represent a significant improvement in planning tongue surgery
systems, in order to preserve as much as possible tongue mobility during speech production, and

therefore the patients’ Quality of Life.

Further improvements of the model have to be done before these ultimate objectives can be actually
reached. First of all, fast finite element algorithms have to be implemented and tested in order to
significantly decrease the computation time, and to reach simulation durations compatible with an
interactive use of the model. First improvements in this direction have been recently done (26-27).
Mesh-matching algorithms in the line of those developed by Couteau et al (22) have also to be

elaborated in order to allow the surgeons to adapt the generic tongue model to the anatomy of each

specific patient.
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Table 1: Maximum nodes velocities in cm/s on the surface of the tongue when the styloglossus is

activated. Bracketed values give the velocity variation compared to the reference values.

Apical Palatal Velar Velopharyngeal Pharyngeal
Reference 18.74 13.77 19.46 18.29 6.98
Flap (x 0.2) 20.96 (+12%) 14.91 (+8%) 21.41 (+10%) 20.03 (+10%) 7.56 (+8%)
Flap (x 6.0) 14.44 (-23%) 10.68 (-22%) 15.43 (-21%) 14.86 (-19%) 5.92 (-15%)
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Figure 1: Final oral cavity geometry at rest. Left panel: Superimposition of the model
midsagittal contours on X-ray at rest in the midsagittal plane. Right panel: the 3D tongue
mesh in the whole oral cavity.
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(a) Posterior genioglossus  (b) Styloglossus (c) Hyoglossus (d) Transversus

Figure 2: Representation of four muscles of the tongue (oblique view). The red lines represent the
muscles macro-fibres.
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Figure 4: Simulation of a left hemiglossectomy of the tongue model. Left panel: transversal view of the
mesh. Right panel: oblique view. Dark elements represent the resected tissues, and the white line
symbolizes the line of the circumvallate papillae.
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Figure 5: Simulation of mouth floor resection. Left panel: frontal view. Right panel: sagittal view. The
resected part is represented in blue, green (geniohyoid muscle) and yellow (mylohyoid muscle).
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(a) Normal Model (b) Small stiffness flap (x0.2) (c) Medium stiffness flap(x1) (d) High stiffness flap (x6)

Figure 6: Final tongue shape after activation of the styloglossus (frontal view). From the left to the
right: the normal model and left-reconstructed models with a flap of increasing stiffness. The smaller
the stiffness of the flap, the larger the asymmetry of the tongue shaping, characterised by the torsion
of the apex and of the tongue dorsum, and with a deviation of the apex positioning from the midsagittal
plane.
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Figure 7: Final tongue shape after activation of the styloglossus. The left panel shows the position of
the apex nodes in the frontal plane, and the right panel the shape of the tongue in the midsagittal
plane. The solid line represents the normal model, the dotted line a left-reconstructed model with a
small stiffness flap (x0.2), the dashed line a model with a medium stiffness flap (x1) and the dash-dot
line a model with a high stiffness flap (x6).
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Figure 8: The solid line represents the normal model, the dotted line a reconstructed model with a
small stiffness flap (x0.2), the dashed line a model with a medium stiffness flap (x1) and the dash-dot
line a model with a high stiffness flap (x6).
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Figure 9: Co-contraction of the posterior genioglossus, styloglossus and transversus. Top-left hand
corner: the genioglossus is not activated. Top-right hand corner: genioglossus is slightly activated.
Bottom: genioglossus is highly activated. The solid line represents the normal model, the dotted line a
reconstructed model with a small stiffness flap (x0.2), the dashed line a model with a medium stiffness
flap (x1) and the dash-dot line a model with a high stiffness flap (x6).

26



