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Summary 
 

 Introduction: Prediction of functional consequences of a partial glossectomy can be difficult 

because of the complex synergistic activities of many muscles and neural structures involved in 

the swallowing and speech process. Predicting these functional consequences could give both the 

surgeon and the patient the information they need to choose the right treatment.  

Method: In this report a tool to perform surgery on a finite element based biomechanical model 

of the tongue is presented. The tool enables removal of a volume from the model and suturing of 

the virtual wound. In addition, scar tissue is added. The biomechanical model itself is an edited 

version of an existing biomechanical model. To make editing of the biomechanical model possible, 

the finite element and surface mesh are separated. The surgery tool is validated using real patient 

cases. From these patient cases, pre and postoperative 3D videos are analysed and compared with 

the biomechanical tongue, edited by the surgical tool.  

Results: The new biomechanical tongue model is comparable with the model on which it is 

based. Only the Superior longitudinal- and Hyoglossus muscle have different volumes and act 

slightly different. Patient cases show that the biomechanical model is able to give a qualitative 

indication about the direction of impairment after surgery. Quantitative comparison is not yet 

possible because of the restrictions of the measurement method to measure the movement of the 

patient’s tongue. 

Conclusion: In this report the next step towards prediction of functional outcome of a 

glossectomy is made. After personalising the tongue shape, muscles and fibrous tissue this tongue 

could be implemented in a biomechanical model of the aerodigestive tract to simulate mastication, 

swallowing and speech. 

 

Index Terms— partial glossectomy, biomechanical model, virtual surgery, virtual therapy, 

Finite Element Method/Analysis, functional inoperability, ArtiSynth.  
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1. INTRODUCTION                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

With an incidence of almost 3000 people a year, head and neck 

cancers (HNC) take up 2,7% of all new diagnosed cancers in 

the Netherlands in 2015 and the numbers are growing1. Around 

90% of all HNCs are squamous cell carcinoma’s (SCC), a 

malignancy derived from the surface epithelial cells2. Oral 

cancer is a subgroup of head and neck carcinomas and makes 

up 17% of this cancer type. It includes the lips, tongue, floor of 

mouth, alveolar ridges, gingiva, buccal mucosa and hard palate. 

From each of these subsites a squamous cell carcinoma may 

arise, most frequently at the lateral border of the tongue and the 

floor of mouth3. A SCC of the dorsal surface is rare. The 5 year 

survival rate is only 60%1. Oral cancers are believed to be a 

multifactorial disease. Tobacco use is the single biggest risk 

factor and appears to have a synergistic effect together with 

alcohol4–7. Dietary habits, occupational activities, 

socioeconomic status, exposure to external agents and genetic 

susceptibility are also risk factors8. Unlike most Oropharyngeal 

cancers, oral cancers can easily be detected by oral 

examination. Techniques that can assist in de detection of 

cancerous and precancerous lesions are visual auto fluoresce, 

narrow band imaging and near infrared fluorescence imaging4. 

The preferred treatment for oral SCC’s is surgery followed by 

radiotherapy or chemo radiation in case of an incomplete 

resection or too narrow tumour resection margins. Surgery 

often includes a neck dissection as 20% of the patients with a 

SCC in the oral cavity have several lymph node metastasis6. 

Alternatives to classical surgery, radiation and chemotherapy 

that can also be applied are CO2 laser surgery, trans oral robotic 

surgery and photodynamic therapy. Tumour characteristics 

such as size, location, extension, histology and stage are 

important for the choice of treatment. Also age, condition, 

compliance and the patient’s choice are considerations for the 

choice of treatment8.  

 

The best treatment should minimize patient morbidity and thus 

improve survival and quality of life (QOL). Post-operative 

QOL depends largely on the patients ability to swallow, speak 

or masticate after surgery. This is called the functional outcome. 

Due the complexity of the structures, functional outcome of 

interventions in the oral cavity are often hard to predict. It is 

difficult to say to which extent these impairments will occur. 

Surgical removal has a direct influence on the functional 

outcome regarding swallowing, mastication and speech. But the 

functional sequelae of radiation and in particular chemo 

radiation, can also be substantial. Xerostomia and fibrosis are 

common toxicities of this treatment modality. The choice for a 

certain treatment is therefore directly correlated to the 

physicians experience or multidisciplinary board. If there is not 

a clear insight in the functional outcome after treatment it                       

is hard for the patient to make an appropriate choice for a certain 

treatment. A term often used by physicians is: “functional 

inoperability”. It is a term to indicate that the expected 

functional outcome would be unacceptable for the patient. This 

is not to be confused with anatomical inoperability.  

Table 1: list of tongue muscles and their abbreviations. 

 

A tumour is anatomically inoperable if due to removal of vital 

structures, in case of radical removal of the tumour, the chance 

of not surviving the operation would be too high. Functional 

inoperability is a hard threshold in the middle of a grey area. 

This area is grey because we do not have the tools yet to predict 

the functional consequences in full detail whereas a small detail 

can have significant consequences.  

 

Predicting functional consequences is difficult because of the 

complex synergistic activities of many muscles and neural 

structures involved in the swallowing and speech process. A lot 

of different anatomical structures are used and work together 

during speech or the swallowing action. Especially the tongue 

is a complex structure. It consists of eight muscles. The muscles 

and abbreviations that are relevant in this thesis are listed in 

Table 1. Appendix A will address the anatomy of the tongue in 

more detail. 

 

Because of this complexity many researchers are challenged to 

search for prognostic factors of certain functional outcomes 

without knowing the exact anatomical orientation or tissue 

properties. Thanks to these reports it is now known that size and 

location of the tumour are predictors of functional outcome. For 

example: tumours at the lateral side of the tongue appear to have 

a less drastic effect on speech than tumours at the floor of 

mouth9. Also, patients have a greater risk on severe swallowing 

problems if they undergo a tumour resection with adjuvant 

Radiotherapy. The same applies for patients that have a stage 

T3 or T4 tumour or have tumours located at the floor of 

mouth10,11.  

 

Naturally the biggest improvement in function can be seen in 

the first months after surgery. Speech doesn’t significantly 

improve in the period between 6 and 12 months, but it appears 

that the articulation function can still improve over the 

years11,12. Articulation intelligibility is also better in patients not 

receiving grafts (such as free-flap reconstruction) than in those 

receiving grafts13.  

 

Extrinsic muscles Intrinsic muscles 

Genioglossus (GG) Superior longitudinal 

muscle (SL) 

Hyoglossus (HG) Inferior longitudinal muscle 

(IL) 

Styloglossus (STY) Transverse muscle 

(TRANS) 

Palatoglossus* Vertical muscle (VERT) 

Geniohyoidus (GH)**  

Mylohyoid Muscle (MH)**  

*The palatoglossus is not simulated in the biomechanical model 
** These are muscles from the floor of mouth, but are also embedded in 

the biomechanical models 
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In 2009 A. Kreeft14 showed that there is no absolute consensus 

with regard to functional results for most treatments in oral and 

oropharyngeal cancers. In response to this, the Virtual Therapy 

project at the Netherlands Cancer Institute (NKI) was started. 

The project is aimed at finding tools to predict functional loss 

in order to choose the right treatment for the patient (Appendix 

B). Recent research within this project showed that not tumour 

stage but tumour volume is the best indicator for the extent of 

postoperative functional impairment15. Other ongoing research 

already showed that an extensive pre-operative Range Of 

Motion (ROM) of the tongue has positive prognostic effects on 

the residual tongue mobility. However the most important aim 

of the Virtual Therapy project is to create a biomechanical 

model that is able to predict function loss after treatment of Oral 

and Oropharyngeal cancers, mainly aimed at the tongue. 

 

In most cases, a biomechanical model is created using the Finite 

Element Method (FEM). FEM is used in engineering to divide 

structures in smaller parts wherein stress, strain, motion or 

temperature can be calculated and subsequently be used for 

calculation of certain property change of the complete structure 

(see Appendix C for mathematical details). Creating FEM 

models of the tongue is not a new idea. FEM creations of the 

tongue date back to 1975 when S, Kiritani et al. 16 created an 

elastic system to study the physiological functions of certain 

intrinsic and extrinsic muscles in speech production. The 

system was grouped in 14 units which were given a certain 

force to mimic a certain muscle. For each set of muscle 

contractions only a few iterations could be calculated. With the 

computational power of today there are much more 

possibilities. There are a number of recent studies that have 

focused on the creation of FEM models of the tongue, but there 

goals are slightly different. In research of J. Gérard et al. 

(2006)17,18 the main focus was to create a FEM model to study 

speech production. Also van Alphen et al. (2013)19 from the 

Virtual Therapy Project created a FEM model in Matlab 

completely from scratch. Other studies focused on creating a 

technically faster and better model of the tongue20. Fujita et al. 

(2007)21 created a personal tongue model specifically for the 

simulation of a glossectomy. This study gave promising results 

for the usage of the finite element method to predict functional 

loss. They used a simple preoperative and postoperative model 

and compared pre and postoperative motion of the tongue. This 

method was time consuming, since two pre- and postoperative 

models needed to be created manually for just one patient. The 

model was completely based on solely one patient as only one 

case study was used. Also Buchaillard et al. (2007)22 edited 

their original model to show the potential of biomechanical 

modelling for the prediction of functional outcome after 

surgery. Both a Hemiglossectomy (removal of one complete 

half of the tongue) and a floor of mouth resection with a free-

flap reconstruction were mimicked by changing tissue 

properties of elements at those specific locations on the model. 

The reconstructed part was then given different amounts of 

stiffness to simulate the effect of radiation on the new tissue. 

Especially the amount of stiffness showed a huge impact on the 

mobility of the tongue and assumedly also on the ability to 

speak. This research showed promising results for the use of 

biomechanical modelling in the prediction of postoperative 

motion, but it was restricted to changing tissue properties in 

certain elements. The aim of this report is to take virtual surgery 

of the tongue to the next level by creating a surgery tool that is 

capable of demonstrating each type of resection and 

subsequently simulate the postoperative tongue motion. This 

virtual surgery will be done on an edited version of the 

biomechanical FEM model created in Buchaillard et al 

(2009)23, henceforth called the “initial model”. The suturing of 

a wound has never been simulated on a biomechanical model 

of the tongue, while in the Netherlands it is common in most 

surgery’s for patients with a SCC of the tongue14. Therefore 

suturing will be embedded in the surgery tool.  In addition, 

postoperative scarring (or fibrosis) effects have to be 

implemented as scarring is an important factor for postoperative 

motion impairment. While creating this model also other 

aspects have to be considered: What modifications are needed 

to enable editing of the FEM structure in the initial model? How 

is the resection area selected on a 3D model? What tool is 

needed to create every resection area while still being easy to 

use? How can the initial FEM model be edited to simulate the 

postoperative tongue? How can the resection be closed and how 

can sutures be simulated? How can scar tissue be implemented 

in this model? As this is the first step towards detailed virtual 

surgery, it is not expected that this model will give highly 

accurate and personalised results. This report will therefore 

primarily focus on the simulation of the surgery and not yet on 

the personalization of the biomechanical model. The surgery 

tool created in this work can eventually be applied on highly 

accurate and personalised models of the tongue. When the 

impairment of motion can be simulated successfully, the 

biomechanical model would ultimately be able to predict 

functional outcomes such as swallowing, mastication and 

speech.  

 

Validation of the model is needed to get answers on the 

following question: is the edited virtual surgery model still 

comparable to the initial model? Is it possible to simulate a real 

surgical resection and is the postoperative motion of this model 

comparable to the postoperative tongue motion of real patients? 

Data for the pre and postoperative tongue motion of real patient 

will be acquired from the ongoing research of van Dijk et al.24 

Details of this research can be found in Appendix F. 

 

2. METHODS AND MATERIALS 

2.1 Materials  

The initial tongue model of Buchaillard et al (2009)23 was 

converted by Stavness et al25 to work in the ArtiSynth 

simulation platform. Artisynth is an Application Programming 

Interface (API) for JAVA created at the University of British 

Columbia that is aimed at creating and simulating solid and 

deformable structures in mainly the upper airway26. The surgery 

tool was also created within the ArtiSynth environment. The 

Artisynth core is currently at subversion 611. A detailed 

description on Artisynth can be found in appendix A. 

MATLAB 2015b was used to send, receive and process data 

from muscle exciters/movements. MeshLab was used for 

manually editing mesh models27.  
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2.2 Definitions explanation: 

To understand the method section, it is essential to know the 

terminology that is used. It is especially complex to read 

because there will be an interplay between the physical model 

responsible for the biomechanical simulation and the visual 

model which translates the biomechanical simulation into a 

visual representation. 

 

2.2.1   Surface mesh 

The visual representation of an 3D object is determined by a 

surface mesh, consisting of vertices, faces and edges (Figure 1). 

 
Figure 1: Example of a mesh structure. Image of rabbit mesh acquired 

from cmap.polytechnique.fr  

Using multiple faces a complete structure can be created. 

Triangular faces are the most practical to work with but it can 

also be shaped as a square, pentagon etc. All 3D computer 

animation are based on this principle. It does not have any other 

functions than to give a representation of a 3D surface. In this 

report, these surfaces are only used for visualisation. 

 

2.2.2   FEM model 

The FEM model is responsible for the biomechanical 

simulation. It is also a mesh, but it is not the visual 

representation of the model. In the finite element analysis a 3D 

object (also objects with other dimensions) is divided into 

multiple smaller parts, which are called elements. 

 
Figure 2: Example of a finite element structure. 

An element is an volume demarcated by nodes (Figure 2). 

When visually representing an element, these nodes function as 

vertices, but they are more than that. The nodes host the 

information about the material properties. At each time step a 

new state for each node is calculated. This can be a state of 

position, speed or other physical quantities. Via interpolation 

the new state can be calculated for each position within the 

element. The FEM model and surface mesh are two completely 

different aspects of the same object. The FEM model can be 

visualised by creating vertices and faces that represent a FEM 

element.   

 

2.3 The Initial Model 

The initial model is based on the work of Buchaillard et al 

(2009)23 which on itself is based on the model developed by 

Gerard et al.(2003,2006)17,18 This model was constructed using 

atlas data from the Visible Human Project® for a female subject 

and the previous work with FEM models of Wilhelms-tricarico 

(2000)28. The model of Buchaillard differs from the model of 

Gerard in that it has a changed motor control scheme, a 

constitutive law for tongue tissue that now also depends on 

muscle activation, a changed modelling of the hyoid bone and 

other improvements to the tongue mesh and muscle fibres. The 

shape of the FEM model is used for the visual representation, 

which makes the FEM model and the surface mesh visually 

similar (Figure 3). The muscles are modelled as fibres that are 

attached to the nodes of the elements. These fibres are spring-

like structures with the ability to pull their two endpoint towards 

each other.  The muscle fibres are placed in such a manner, that 

they resemble the real anatomical location and the movement 

of the muscles as well as possible (Figure 4).  

 

 
Figure 3: Cross section of the initial model of Buchaillard(2009)23 in 

an ArtiSynth simulation. 

 
Figure 4: Fibre muscles of the initial model of Buchaillard (2009) in 

the ArtiSynth environment. 

The Genioglossus (GG) muscle does not completely correspond 

to the real anatomical situation. Normally the GG-anterior 

emanates from a tendon that is connected to the mandible. Due 

to the element-resolution of the model, this tendon is not there. 

Therefore the contact area to the mandible is made larger. The 

GG is the only tongue muscle which is divided in multiple 

motor control units with consensus about the partitioning of 
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motor control units29. The palatoglossus muscle is not included 

in the model. Finally the model was implemented in the Jaw-

tongue-hyoid ArtiSynth-model made in 2011 at the University 

of British Columbia (UBC)30. The FEM was originally created 

in ANSYS (commercial FEM software), nevertheless 

validation showed that displacement errors in the new Artisynth 

environment (using a demo model of a FEM beam) are at a 

maximum 0.3% 30. As ArtiSynth uses several simplifications 

compared to ANSYS, such as semi-implicit integration and a 

lumped mass model, it was noticeably faster than ANSYS. 

There is also a FEM muscle version of this tongue model. The 

difference with the fibre muscle model is that the muscle 

contractions are simulated by contracting the elements itself 

instead of contracting fibres that are attached to nodes. Because 

of technical reasons, that will be explained later, the fibre 

muscle model was used for this report. 

 

2.4 The new model 

To take surgery simulations using biomechanical tongue 

models to the next level, a suitable FEM model was needed. 

Editing tissue properties of certain areas as done in earlier 

research was not enough, as primary closuring using suturing 

requires editing the morphology of the model. The initial model 

was not suitable for editing small and detailed areas. So before 

a surgery tool could be created the initial model needed to be 

made suitable to deal with this. To achieve this a couple of 

methods were tested and evaluated (see Appendix D). The most 

suitable method can be explained as follows. In the initial model 

the FEM elements are shaped in such a way that they resemble 

the shape of the tongue, although that is not required by 

ArtiSynth. The FEM model, responsible for the deformation 

and movement of the tongue, can be separate from the surface 

mesh; the visual representation of the tongue. As long as this 

surface mesh is located within a FEM structure, it will follow 

the motion and deformation of this FEM model. Because of 

computational limitations, the FEM model consists of a finite 

number of elements in order to retain the ability to simulate 

motion with an acceptable speed. The benefit of a separate 

surface mesh and FEM model is that a high resolution surface 

mesh enables detailed editing, and thus detailed virtual surgery 

on the surface mesh. A low resolution FEM model can be used 

to retain the ability to simulate tongue motion near-real time. It 

is generally difficult to edit a finite element model that has a 

complex shape (see Appendix D). Therefore a simple method 

is used where the FEM model is made up by small cubic shaped 

elements according to the shape of the surface mesh. The FEM 

model starts as a cube consisting of a given number of elements 

(Figure 5). The dimension of this cube will be adapted from the 

3D diagonal cross section of the tongue mesh. The amount of 

elements of this cube, depends on both the size of the mesh and 

the size factor. The size factor is used to define the amount of 

elements in a certain direction, for example the x direction: 

 

 𝑁𝑟. 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝑥 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 = |𝒂 ∙ 𝒙 ∗ 𝐹| (1) 

 

with 𝒂 the cross diagonal in vector coordinates from the tongue 

model in meters. 𝒙 the unit vector in x direction, and 𝐹 the size 

factor. A size factor of 400 is used for the model on which 

surgery is performed. This results in a FEM grid of 31x36x24 

elements which are sufficiently small for a virtual resection of 

a small but significant part of the tongue. Post-surgery models 

use a size factor of 300 (20x23x18) because 400 appeared to be 

too slow to simulate a simple manoeuvre within an acceptable 

simulation time. After removal of the elements that are fully 

outside the surface mesh, the remaining cubes resemble a shape 

that is comparable, but slightly larger in volume than the surface 

mesh (Figure 6). Changing the density to compensate for the 

increased volume and therefore weight, did not show any 

change in the motion of the tongue. Therefore the density is not 

changed to compensate for the increased volume. Because the 

surface mesh is free from the FEM model, the details of the 

surface mesh can be improved without making the FEM model 

more complex and without slowing down the simulation. To 

improve the visual representation of the tongue and to increase 

the resolution of the resection, the tongue surface mesh is 

smoothened using a least squares subdivision surface algorithm 

from s. Boyé et al (2011)31 in the Mesh-editing tool 

“MeshLab”27 (Figure 5 and Figure 6).  

 

 
Figure 5: The new mesh of the tongue model. The grid represents the 

initial set of elements. 

 
Figure 6: The tongue surface mesh and FEM structure after removing 

elements that are not inside the surface mesh. 
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2.5 Mechanical properties 

For the simulation of tongue tissue two different constitutive 

equations where introduced. One for the passive behaviour of 

tongue tissue and the other for the stress/train relation as an 

increasing function for muscle activation. These are essentially 

the same as used in Buchaillard et al. (2009)23 et al. and 

Stavness et al. (2011)25,30  

 

2.5.1   Passive muscle tissue properties: 

Fung (1993)32 stated that a hyperelastic material seems to be the 

best type of material to simulate living tissue. When a material 

is hyperelastic, it is possible to define a function 𝑊, the strain 

energy function. The derivative of 𝑊 with respect to the strain 

tensor equals the stress tensor. The function 𝑊 can be found 

using the Yeoh strain-energy function: 

 

 𝑊 = 𝑐10(𝐼𝐶̅ − 3) + 𝑐20(𝐼𝐶̅ − 3)2 (2) 

Where 𝐼𝐶̅  is the first invariant of the deviatoric component on 

the left Cauchy-Green tensor and 𝑐10 and 𝑐20 are constants that 

characterize tissue properties. This constitutive law, proposed 

by Gerard et al. (2005)33, was derived from experiments with a 

fresh cadaver. In Buchaillard et al. (2007,2009)22,23 this 

constitutive law was multiplied with a factor of 5.4 so that the 

tissue stiffness without muscle contraction was comparable 

with in vivo measurements of Duck et al.34 The same 𝑐10 and 

𝑐20 as calculated in Buchaillard et al. will be used: 1037 Pa. and 

486 Pa. Figure 7 shows the stress strain relationship derived the 

Yeoh strain-energy function. 

 
Figure 7: Yeoh second order stress/strain curve acquired from 

Buchaillard (2007) 22 the dotted line is the young’s modulus at low 

strains. Stress is measured in Pa. 

 

2.5.2  Active fibre muscles properties (initial model) 

In the initial model, muscles are modelled as fibres. Fibres are 

spring-like structures between elements. When a muscle 

contracts the tissue properties change; the tissue becomes 

stiffer. Tissue stiffening due muscle activation in the initial 

model is simulated by linearly increasing 𝑐10 and 𝑐20 from 1037 

Pa. and 486 Pa. with no activation to 10370 Pa. and 4860 Pa. at 

full activation. 

 

2.5.3  Active element muscle properties (New model) 

Because the new model uses element muscles instead of fibre 

muscles the muscle properties are different. Tissue properties 

from element muscles in ArtiSynth can change linear with 

muscle contraction just like the fibre muscles. Another method 

to simulate the change in tissue stiffness during muscle 

activation is the method proposed by Blemker et al. (2004)35. 

This model includes a dilatational term (Ψ𝑣𝑜𝑙) and deviatoric 

stress terms that include along-fibre shear (𝑊1), along-fibre 

stretch (𝑊3) and cross fibre shear (𝑊2). 

 

 Ψ = Ψ𝑣𝑜𝑙(𝐽) + 𝑊1(𝛽1) + 𝑊2(𝛽2) + 𝑊3(𝜆, 𝛼) 
(3) 

 

With J the relative change in volume and 𝛽1 and 𝛽2 strain 

invariants which give an independent representation to along-

fibre and cross-fibre shear36. 𝜆 is fibre stretch and 𝛼 is the 

muscle activation level. This active term is added in addition to 

the passive tissue properties.  

 

2.5.4  Physical simulation – forward modelling 

To advance the biomechanical model forward in time physical 

simulation is needed. At each time step a second-order ordinary 

differential equation (ODE), that is a result of the physics of the 

mechanical system, needs to be solved. FEM models in 

ArtiSynth use lumped mass models as these are easy to connect 

to rigid bodies or mass-spring (e.g. muscle fibre bundles) 

components. The formula used is newton’s second law: 

 

 𝐌𝐮̇ = 𝐟(𝐪, 𝐮, t) (4) 

With 𝐌 the composite mass matrix, 𝐪 the positions of the 

dynamic components, 𝐮 the velocities, 𝐟(𝐪, 𝐮, t) the force of all 

force effector components and t the time. Constraints are 

needed to solve the equations. Bilateral constraints include rigid 

body joints, FEM incompressibility, and point-surface 

constraints. Unilateral constraints include contact and joint 

limits. Equation 4 is integrated using a semi-implicit integrator. 

Other integrators are also available (Appendix E). This leads to 

the following linear system for determining the velocities for 

the next time step. 

 

 
(𝑴̂ −𝑮𝑇

𝑮 0
) (𝑼

𝑘+1

𝝀
) = (

𝑴𝒖𝑘 + ℎ𝒇̂
𝒈

) (5) 

 

𝑼𝑘+1are the velocities for the next time step, 𝑴̂ is the mass 

matrix, 𝒇̂ is the force matrix, h is the time step size, 𝑮 is the 

matrix of bilateral constrains, 𝝀 are the impulses that enforce 

constrains and 𝒈 is a term derived from 𝑮̇. 

 

2.5.5  Physical simulation – inverse modelling 

Inverse simulations are used to compute muscle activations that 

are needed for a certain movement in a forward simulation. The 

inverse simulation used in ArtiSynth is based on the tools of I. 

Stavness37. The input in this case is a certain position in space 

for a certain part of the tongue. The muscle activation 

combination to achieve that position is the output of the 

calculation. Quadratic programming is used to find the muscle 

combination for a certain movement. Because there are 

different muscle combinations to achieve the same movement, 



 

Page | 6  

 

a criterion is needed to come to a single solution. In this case, a 

“cost function” is used. This means, in this specific case, that 

the muscle combination with the lowest combined muscle 

excitations has to be found. More information details can be 

found in Appendix E. 

 

2.6 Selection method 

Selecting the resection area is the first step of virtual surgery. 

This only involves the surface mesh (see Figure 8). The primary 

goal of the selection method is to select the 3D resection area in 

the most user friendly way. This is difficult because this area 

has to be 3D. The use of 2D slices to draw the selection area 

where evaluated but were considered to be too time consuming. 

More futuristic approaches using virtual reality and a 3D cutting 

tool would be difficult to get. The best option seemed to be a 

point and click approach directly on the virtual model. The 

basic idea is that a selection area will be created by designating 

corner points of this area. With each click the selection area will 

be expanded with one corner point. The selection area is 

automatically closed by connecting the first and last corner 

point, and will be updated with each mouse click (Figure 9). 

The only condition is that the corner points are selected in the 

right order. 

 

 
Figure 9: Principle of the selection method in 2D. The numbers refer 

to mouse-clicks. 

However, Figure 9 is a 2D drawing and the tongue model is 3D. 

The interface of ArtiSynth is a 2D representation of a 3D object, 

in this case the tongue model. The user is looking at the tongue 

model from a certain angle. This is called the camera angle. 

When the user clicks at a location on the 2D screen a ray is cast 

at that point with the same angle as the camera. The objects that 

this ray encounters with each mouse click are the faces from the 

surface mesh (see section 2.2.1 ). After clicking, the faces will 

be flagged as “selected”. For the selection method not every 

face that the ray encounters is a valid option for selection. To 

prevent the selection of faces on the opposite side of the tongue 

model the standard selection method in ArtiSynth had to be 

changed. Only the faces that are closest to the camera are 

selected. The centroid (midpoint of the face) of the faces will 

act as “corner point” for the drawing method. When more than 

two faces are selected it is possible to create an area as presented 

in Figure 9. Because the user must be able to turn the camera 

while selecting, ray-casting cannot be used to create the 

selection area (yellow area in Figure 9). Instead a 3D nonvisible 

area (made visible in Figure 10) is constructed as the user is 

selecting points. This will be done as follows: 

 

 

After each mouse click on the model do : 

For each selected face (i) do: 

 Calculate centroid. 

 C_up(i) = A point 1 mm* above the centroids of each 

face, in the direction of the normal. 

 C_down(i) = A point 1 mm* below the centroids of each 

face, in the opposite direction of the normal. 

For all selected faces: 

 Calculate the mean centroid of all selected faces 

 M_up = A point 1 cm* above the mean centroid of all 

selected faces, in the direction of the normal. 

 M_down = A point 1 cm* below the mean centroid of 

all selected faces, in the opposite direction of the 

normal. 

For each selected face (i) do: 

 Create vertices using C_up(i), C_down(i) and 

C_up(i+1) 

 Create vertices using C_up(i+1), C_down(i) and 

C_up(i+1) 

 Create vertices using C_up(i) + C_up(i+1) and M_up 

 Create vertices using C_down(i) + C_down(i+1) and 

M_down 

 Create last vertices using the i’th points and the first 

points.  

*The number is not relevant, it has to be elevated above or beneath the 

selected faces. 

 

Figure 8: Flow chart to illustrate which parts of the model are involved in which part of the process. 
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Figure 10: The grey object that is created to cover all faces that are 

selected. 

The resulting (grey) 3D object is presented in Figure 10. Using 

a built-in function from ArtiSynth all faces within this object 

can be found. For every face on the surface mesh the centroid 

coordinates will be calculated. The function searches for the 

nearest face of the 3D object and determines if the normal of 

this plane is pointing away or towards the centroid of the 

specific face on the surface mesh. If the normal points towards 

the inspected centroid its considered “outside the 3D object “. 

As long as there are no holes in the surface mesh this function 

works well. What’s left is an area of selected faces. After the 

selection of this area, the software not only needs to visualise 

the surface of the resection but also the depth and shape. When 

the user selects more than three points, the selected area has to 

be turned into a volumetric representation of the resection. To 

create a volumetric representation, the border of the selected 

area needs to be found. A built-in function can be used to 

identify all the edges of the border of the selected area. Border 

edges are only attached to one selected face instead of two. All 

vertices Pv(i) connected to these border edges will be saved. 

Using the vertices and there centre point 𝐏𝒄 (average of all 

vertices) the volumetric representation of the resection shown 

in Figure 11 is made. 

 

 
Figure 11: volumetric representation of the resection. 

 

For now we are ignoring the red line. All the structures 

originating from the border vertices converge to the centre 

point. In between the vertices and the centre points are also 

newly created points: The halfway point (𝑷ℎ𝑤(𝑖)) .These points 

can be dynamically adjusted in 2 directions: in the direction of 

the normal (n) and perpendicular to the normal of the surface 

area (Figure 12). 

 
Figure 12: A topdown view of the volumetric representation of a 

virtual resection. Green: center point. Can only move in the direction 

of the normal. Red: half waypoints. Can move in the direction of the 

normal and in the direction of the centre point. 

For this last adjustment the adjusted distance can be 

proportional to the shape of the resection or the absolute 

distance (Figure 13). This option, called adaptive shape, can be 

set on or off in the control panel (Figure 14). The centre point 

(𝐏𝒄) can only move in the direction of the normal and only 

relative to 𝑷ℎ𝑤(𝑖). First the centre point 𝐏𝒄 and the deep centre 

point 𝐏𝒅𝒄 will be calculated: 

 

 𝐏𝒅𝒄 = (𝐷ℎ𝑤 ∗ 𝒏) + 𝑪 (6) 

 
𝐏𝒄 = ((

𝐷ℎ𝑤

2
∗ 𝐷𝑐) ∗ 𝒏) + 𝑪 

(7) 

 

With 𝐷ℎ𝑤 = depth of halfway points (adjusted with slider on the 

control panel), 𝐷𝑐  = depth of centre point (adjust with slider), n 

= normal, C = centroid of selected vertices. 

 

 For i = border vertices: 

 𝑷ℎ𝑤(𝑖)
∗ = (𝐏𝒗(𝒊) + 𝐏𝒅𝒄)/2 (8) 

Calculate directional vector 𝑽𝑥𝑦𝑧(𝑖) from 𝑷𝒄 to 𝑷ℎ𝑤(𝑖)
∗ 

Calculate distance 𝑉𝑑(𝑖) between 𝑷𝒄 and 𝑷ℎ𝑤(𝑖)
∗ 

If adapt shape = true: 

 

 𝑷ℎ𝑤(𝑖) = 𝐏𝒄 + ( 𝑽𝑥𝑦𝑧(𝑖) ∗ (𝐷𝐶𝐹 ∗  𝑉𝑑(𝑖)) )  (9) 

If adapt shape = false: 

 

 𝑷ℎ𝑤(𝑖) = 𝐏𝒄 + ( 𝑽𝑥𝑦𝑧(𝑖) ∗ 𝐷𝐶𝐹) (10) 
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Figure 14: Control panel for surgery tool. 

 

 𝐏𝒅𝒄 will only be used to calculate 𝑷ℎ𝑤(𝑖)
∗ which is the 

precursor of 𝑷ℎ𝑤(𝑖) and will only be used to calculate 𝑽𝑥𝑦𝑧(𝑖) 

and 𝑽𝑑(𝑖). This step is essential to create the cone-like shapes 

shown in Figure 15. 𝐷𝐶𝐹  is the distance from the centre point to 

the halfway points. 𝐷𝐶𝐹 , 𝐷𝑚𝑝, and 𝐷𝑐  can all be changed with 

sliders on the control panel (see Figure 14).  

 

This method appeared to be the most flexible and versatile way 

to select the location for a resection. The main advantage is that 

it cannot only create a hole but also an almost clear cut. By 

using the sliders on the control panel almost every shape can be 

created. Each time the input of a slider changes the method will 

instantly refresh the volumetric representation so that the user 

gets real time feedback.  

 

2.7 Removal of tissue and implementation of muscle 

At this moment the model consists of a surface mesh, a selected 

area on the surface mesh and a volumetric representation of the 

resection (see Figure 8). Vertices from the surface mesh 

corresponding with the vertices of the volumetric representation  

are also known. All corresponding faces and vertices from the 

selected area on the surface mesh except the ones on the edge 

will be deleted. By merging the corresponding vertices of the 

volumetric representation and the rest of the surface mesh the 

perioperative surface mesh is created. Using the same technique 

for constructing a FEM model as explained in “the new model” 

a new FEM is generated according to the new shape of the 

surface mesh. Using the coordinates of the muscle fibres from 

the initial model in ArtiSynth, muscles fibres can be placed 

inside the new FEM model (Figure 4). Muscles will only be 

placed if they are inside the mesh, so they will not be placed 

inside the resection. As will be explained in section 2.9, these 

fibres are not sufficient for the simulation of muscle contraction 

in the new model. They are, however, useful to transfer 

information about the changed muscle morphology due to the 

closing of the resection.  

 

 

  

Adaptive shape ON Adaptive shape OFF 
 

Figure 13: Sample of a volumetric representation of the resection to 

show the difference with and without the adapted shape method. 

 

 

    

Dc= small 

Dhw = normal 

DCF = normal 

Dc = small 

Dhw = large 

DCF = normal 

Dc = large 

Dhw = large 

DCF= normal 

Dc = large 

Dhw = normal 

DCF = large 

 

Figure 15: Different values for Dc, Dhw and DCF are used to change the shape of the selection area. 
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Figure 16: Illustration of the mechanism behind suturing of the 

model. Point forces are attached to vertices (black dots). These point 

forces are pulling the vertices towards the aim on the red plane. 

 
 
Figure 17: Visual representation of suturing with the surgery tool. 

 
 

Figure 18: With the slider on the control panel the force that is 

generated in the point forces can be altered. 

2.8 Closing the resection area 

 The main reason for splitting the surface mesh and the FEM 

model was the ability to implement the suturing of the resection. 

The most obvious way to close the wound would be to steer 

opposite points on the edge, on either side of the resection, 

towards each other. This is done using a  point force; a force on 

a certain point in the FEM model. Because of the flexible way 

the volumetric representation of the resection is selected it is 

not known how many edge points there are, where they are 

located, and how they are ordered. Its therefore not always 

possible to detect opposite edge points. Instead, suturing will be 

simulated using point forces on the edge of the resection that 

move towards a (red) plane that is a cross section over the 

largest diameter in the resection (Figure 16). The red line, 

visible in Figure 11, represents the future suture line, and thus 

the location of the plane. There is a hinge structure halfway the 

plane to deal with more complex shapes. For each edge point 

on either side of the plain the projection, and thus target point, 

on the plain is calculated. The target point on the plain will then 

be corrected for the distance between the edge point and the 

centre point of the resection (A + B in Figure 16). This target 

point on the plain will be their target for the corresponding edge 

point. As can be seen in Figure 16 this method ensures that there 

will be as less as possible airspace left in the resection area. The 

target point on the plane will be levelled with the height of the 

near target points from the opposite sides (red and green points). 

In this way, when the resection is closed the opposite sides will 

be aligned. 

 

When the simulation is started the edge point will slowly move 

towards there corresponding target point on the plane (see 

Figure 17). The forces will automatically be lowered 

exponentially when an edge point reaches there target point on 

the plane. Using a slider the user can adjust the global force 

manually (see Figure 18). As individual points forces will be 

lowered individually, increasing global force will have more 

effect on edge points with a larger distance from their target. A 

slider is also needed because different types of resections 

require different forces in order to close properly. 

 

The drawback of using a plane is that the edge points of the 

resection (and thus other tongue tissue) are pulled towards a 

position on a plane that is not necessarily the “rest state” of the 

sutured tissue. Without dealing with this, the tissue could be 

pulled to a unnatural position. The last step ensures that the 

tongue tissue will move to a natural position. When both sides 

of the resection are close enough the user can “lock” the stitches 

so that edge points that are close to each other are fixed. The 

length of these stitches are fixed but the endpoints still have 3 

degrees of freedom. When the forces are removed the tongue 

will return to a steady state where the stresses on the stitch are 

equally distributed.  

 

At this moment, the FEM model, the surface mesh, and muscle 

fibres are changed in shape. There is no method available to fix 

both resection sides in the FEM model without distorting the 

whole FEM. Therefore, the FEM is removed and only the 

postoperative muscle locations and the surface mesh are saved 

(Figure 8). Using this mesh a new FEM structure can be created 

later the same way as described in section 2.4. Also the location 

of the resection will be saved to determine the volumetric area 

 in which scar tissue is present later on. Using MeshLab the 

remaining hole in the mesh is closed.  

 

2.9 Motion simulation  

Using the method described in section 2.4 a new FEM structure 

is created from the postoperative surface mesh and muscle 

fibres. The muscle fibres, however, will not be used to act as 

actual muscles because of the following: In the initial model the 

two endpoints of muscle fibres are attached to nodes. This is 

convenient as an endpoint force will also be the force on that 

FEM-node. However, because of the new way in which the 



 

Page | 10  

 

FEM model is generated, muscle fibre endpoints are not located 

on the same spots as nodes anymore. The simulation would still 

work as the forces would be distributed automatically over the 

nearest nodes at an endpoint. The movement however would be 

unnatural. Elements that are in between elements containing a 

muscle fibre would get squeezed and are not actively involved 

in muscle contraction. This is not realistic and therefore not 

desirable. To overcome this problem a method is used to 

convert the fibre muscles to element muscles. Elements muscles 

can squeeze themselves and thus act as muscle parts. Elements 

have different mechanical properties which are described in 

section 2.5.3 . Information about the position and direction of 

fibre muscles is used to convert normal elements to muscle 

elements. Elements that are within a diameter of four millimetre 

around a certain fibre are converted to element muscles with the 

same properties. A diameter of four millimetre ensures that 

most element muscle volumes are comparable with the FEM-

muscle version of the initial tongue model (see section 2.3). The 

muscle forces in the element muscles now have the same 

direction as the nearby fibre muscles.  

 

Using the information about the location of the resection, 

fibrosis (scar tissue) is added to the model. Not much is known 

about the exact extent of the fibrosis and the change in tissue 

properties of this location. Therefore a method, comparable 

with stiffening of tissue as part of the free-flap reconstruction 

approach in Buchaillard (2007)22, is used. Different amounts of 

stiffness will be used to simulate the stiffening at the former 

resection location (section 2.11). Also the volume in which the 

stiffness occurs will be varied in size to inspect the effects.  

 

2.10 Validation by comparison with the initial model 

First the parameters of the initial model will be compared with 

the new model. Parameters include: volume of the mesh, 

volume of the FEM model, number of elements and volume of 

individual muscle bundles. To compare the motion 

characteristics of the new model the displacement of the tip of 

the tongue, after an excitation of 0.3 (1 is maximum 

contraction) for each muscle, will be compared with the initial 

model. For this comparison the new model with size factor 200, 

300 and 400 will be used. 

 

2.11 Validation using patient cases 

The initial model cannot be considered as the gold standard 

because it has never been validated using a patient study. So 

even more important than the comparison with the initial model 

will be the simulation of real patient cases. Therefore, pre and 

postoperative motion data from patients included in the ongoing 

study of van Dijk et al.24 will be used. Using the surgery tool 

the surgical resections of three patients are imitated. This is 

done on the basis of pre and postoperative drawings of the 

surgeon.  

 

2.11.1  Range of Motion measurement 

In the study of van Dijk et al.24 a validated method using 3D 

camera is used to measure the range of motion pre and 

postoperative15. Range of Motion (ROM) is expressed in the 

Euclidean distance between the tooth gap of the front teeth 

(interdental papilla) and the tongue during a manoeuvre. These 

manoeuvres are: protrusion, left, right, elevation and 

depression.  

 

Inclusion criteria: 

Subjects (ages ranging from 18 to 90 years) undergoing partial 

glossectomy. 

 

Exclusion criteria: 

- Patients that are not able to fill in questionnaires 

- Palliative treatment 

- History of oral cancer treatment 

- Radiotherapy on tongue surface 

 

The 3D camera system consists of 3 camera’s fixed in an angle 

of 20 degrees with a distance of 15 cm to each other. The 

cameras are then calibrated using an object consisting of 27 

beads that are arranged on a 3x3x3 orthogonal grid15. For the 

information on tongue position reference points are placed on 

the tongue, the tip of the nose, between the eyes and 2 on the 

midline of the eyes (see Figure 19 and Figure 20). 

 

 
Figure 19: Illustration of camera setup used during the ROM 

measurements. 

The first step in the offline analysis is the calibration of the 

interdental papilla with the markers on the face. This is because 

the distances will be expressed in the distance between 

tonguetip and interdental papilla. In the frames where maximal 

tongue excursion is achieved all markers and the tonguetip will 

be manually selected for all cameras (Figure 20). Using this 

information the 3D coordinates of these points can be 

calculated. The root mean square error of this operation is 0.73 

mm.15 Interrater variability for both authors showed an 

interclass correlation (ICC) of 0.99 ( 95% CI 0.99-0.99 / CI 0.98 

-0.99) and an intrarater variability of 0.95 (15% C I0.93-0.97) 

The test-retest variability was 0.93(95% CI 0.89-0.93)15. This 

study is explained in more detail in Appendix F. 
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2.11.2  Forward simulation 

Using inverse modelling the levels of muscle excitations that 

are needed for the manoeuvres: protrusion, left, right, elevation 

and depression are determined using a preoperative tongue 

model. These excitation are then used as input for the 

postoperative model of a specific patient. The difference 

between the initial position and the end position in a fixed 

direction will be the measure of tongue ROM in this research. 

A fixed direction means that the direction is fixed on the x, y or 

z axis. This will be compared to the difference between pre and 

postoperative motion of the three patients. To simulate the 

effect of scar tissue (or fibrosis), the tissue properties in the 

resection will be changed. Because the range of change is not 

known, different configurations will be used: 

- no fibrosis 

- 12x stiffness, 7 diameter around the initial wound 

- 12x stiffness, 14 diameter around the initial wound 

- 14x stiffness, 7 diameter around the initial wound 

An increase in stiffness is defined as both 𝑐10 and 𝑐20 (see 

section 2.5.1 ) multiplied x times. These multiplication factors 

are chosen because “12x stiffness with 7 diameter” gave motion 

impairment percentages comparable to the ROM measurements 

of real patients. Other multiplication factors and diameters are 

omitted for the sake of clarity. This is decided on the basis of 

manual inspection of ROM measurements and simulations with 

the biomechanical model. No training set has been used to find 

the combination that is closest to the ROM measurements. 

 

2.11.3  Inverse simulation 

When the human body is exposed to a new situation, the body 

will try to adapt by compensating. With or without the help of 

a speech pathologist the patient can train himself to use other 

muscles to get (nearly) the same movements. This is, however, 

limited to what is possible with the new postoperative anatomy 

of the tongue. Using inverse modelling, postoperative models 

will be forced to find a way to perform a certain manoeuvre. 

These movements will also be compared with the real patient 

cases. Only 12x stiffness with a diameter of 7 diameter around 

the wound is used. In forward modelling this is the setting that 

is most comparable to the ROM measurements. Additional 

configurations of the inverse simulation have no added value 

for this stage of research. 

 

2.11.4  Video inspection 

In the results and discussion it will become clear that the 

Euclidean distance from the ROM measurement is not the best 

method to validate the biomechanical model. The video 

inspection is added to compare the forward and inverse 

simulation directly with the visual inspection of the recorded 

video. This visual inspection is done solely by the author of this 

report to give a qualitative measure to compare the 

biomechanical model with. 

3. RESULTS 

3.1 Initial model versus new model.  

Table 2 shows a comparison of basic properties between the 

initial model and the new model using a size factor of 200, 300 

and 400. The nodes and elements after elimination are showing 

the amount of nodes and elements left after deleting those 

which were not inside the surface mesh. It is obvious that the 

model with size factor 200 has an amount of elements that 

equals the initial model. Therefore this model simulates 

movement very quick. However it can be noted that the volume 

of this FEM model is larger in comparison to the models with 

size factor 300 and 400. The higher the size factor of the FEM 

model (and thus amount of elements) the more comparable the 

volume is to the volume of the surface mesh. There is no 

volume difference for the surface mesh and FEM model of the 

initial model as the surface mesh is of the same shape as the 

FEM model.  

 
 Table 2: Volumes of the FEM Models and Surface meshes and the 

amount of element for and after elimination. 

 

 Initial 

Model 

F 200 

(15x14x12) 

F 300 

(23x20x18) 

F 400 

(31x36x24) 

Nodes at start: 947 2912 9576 21600 

Elements at start:  739 2340 8280 19344 

Nodes after 

elimination: 

 1654 4776 9862 

Elements after 

elimination: 

 1186 3735 8096 

Volume of Mesh in 

cm3 

102.29 108.47 108.47 108.47 

Volume of FEM in 

cm3 

102.29 157.85 143.09 133.06 

 
 

 
 

Figure 20: Upper image: a Matlab user interface used to select 

the reference points on the face and tongue. Lower images: The 

same image from 3 different camera's. 
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Table 3 shows the volume of each muscle in the initial model 

and the new model with size factor 200, 300 and 400. The initial 

model, in this case, is the FEM muscle version of the initial 

model. This is because the fibre muscle model uses fibres, and 

fibres do not have a volume. The FEM muscle version of the 

initial model is made in such a way that it closely resembles the 

forces from the initial fibre model.  

In order to get comparable motions in the new model, muscles 

have to match the volume of the initial model almost 

completely. With fibres converted to elements with a diameter 

of four millimetre around the fibre (see section 2.7) high 

volume muscles are matched almost completely. But even after 

diminishing the diameter, the SL and HG muscles remained 

about four times larger in comparison to the initial model.  

 

Table 3: Volume of muscle bundles in cm3 and in % of total volume. Displayed are the initial 

tongue model and the factor 200, 300 and 400 version of the new model. 

 Initial model factor 200 factor 300 factor 400 

GGP_L 9.20 9% 15.53 12% 15.48 11% 15.00 11% 

GGP_R 9.20 9% 15.16 11% 15.40 11% 14.48 11% 

GGM_L 1.8 2% 5.51 4% 6.14 4% 6.06 5% 

GGM_R 1.8 2% 5.39 4% 6.14 4% 5.89 4% 

GGA_L 2.25 2% 6.01 5% 6.14 4% 6.15 5% 

GGA_R 2.25 2% 5.89 4% 5.87 4% 5.96 4% 

GH_L 1.96 2% 5.39 4% 4.73 3% 4.52 3% 

GH_R 1.96 2% 5.01 4% 4.69 3% 4.39 3% 

MH_L 3.34 3% 10.52 8% 9.53 7% 8.37 6% 

MH_R 3.34 3% 10.40 8% 9.49 7% 8.32 6% 

HG_L 2.97 3% 14.28 11% 15.06 11% 14.62 11% 

HG_R 2.97 3% 13.78 10% 15.18 11% 14.39 11% 

VER_L 16.59 16% 20.42 15% 21.20 15% 21.46 16% 

VER_R 16.59 16% 20.55 15% 21.50 15% 21.43 16% 

TRA_L 18.22 18% 26.43 20% 26.65 19% 26.64 20% 

TRA_R 18.22 18% 26.06 20% 26.58 19% 26.15 20% 

IL_L 2.25 2% 11.78 9% 11.52 8% 11.07 8% 

IL_R 2.25 2% 11.78 9% 11.48 8% 11.05 8% 

STY_R 2.48 2% 0.00 0% 0.00 0% 0.00 0% 

STY_L 2.48 2% 0.00 0% 0.00 0% 0.00 0% 

SL_R 8.50* 8% 39.71 30% 34.39 24% 32.94 25% 

SL_L 8.50* 8% 39.46 30% 34.28 24% 32.43 24% 
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Figure 22: Coordinates of the tonguetip in mm. after an excitation gain of 0.3 on a certain muscle. Blue is 

the original model, Green is the new model with size factor 200, Yellow is the new model with size factor 

300. 

Figure 21: Euclidean distance in mm. between the tongue tip and the interdental papilla after an 

excitation gain of 0.3 on a certain muscle. x is the original model, 1 is the new model with size 

factor 200, 2 is the new model with size factor 300. The Y axis of the SL muscle is of another 

range than the other muscles. 



 

Page | 14  

 

The comparison in Figure 21 shows the differences in 

Euclidean distance after an excitation of 0.3 on a single muscle. 

The purpose of this and the next graph is to compare the 

reaction of the new and initial model after the excitation of a 

muscle bundle. From the new model only size factor 200 and 

300 are used. A size factor of 400 takes up to much time for a 

single simulation and is therefore not used for simulation of 

manoeuvres (only during virtual surgery). The smallest 

differences can be seen between the factor 200 model (Number 

1) and the factor 300 model (Number 2), which are consistent 

in all muscle bundles. It seems that the model with size factor 

300 model is better comparable to the initial model than the 

factor 200 model. The movement of the GH as well as in the SL 

muscle are significantly higher in the initial model, while those 

muscles are much more voluminous in the new models.  

 

Figure 22 shows the same models and movements but now in 

3D coordinates. The factor 200 model only received an 

excitation of 0.18 on the SL muscle because a gain of 0.3 caused 

inverted elements in this case. Although movements of the 

different models appeared to be almost the same when looking 

at the Euclidean distance, this graph highlights another aspect. 

The movement of the initial model after activation of the GG 

muscle seems to be almost the same as that of the new model. 

The GH from the initial model has a large movement in the Y 

direction in comparison with the new model. This same effect 

can be seen for the SL muscle in the X direction. The 

movements of the intrinsic muscles VER and TRA are 

noticeably different from the initial model, while the Euclidian 

distance is almost the same. Both the GH and VER show a large 

movement in Z direction in the new model and a large 

movement in X and Y direction in the old model. Generally, it 

can be seen that a small difference in Euclidean distance can 

still be a quite high actual position difference. 

  Selection of resection area Postoperative model Model characteristics 

Patient 1 Post-operative 

drawing

 

 
 

 

Volume difference after 

surgery: 

 

In Mesh: 5.77 mm3 (5% of 

total volume) 

 

In FEM: 7.21 mm3 (5% of 

total volume) 

Patient 2  

Preoperative 

drawing

 

 

 
 

 

 

Volume difference after 

surgery: 

 

In Mesh: 1.57 mm3 (1% of 

total volume) 

 

In FEM: 1.61 mm3 (1% of 

total volume) 

Patient 3 Post-operative 

drawing 

 
 

 
 

 

Volume difference after 

surgery: 

 

In Mesh: 2.08 mm3 (2% of 

total volume) 

 

In FEM: 1.91 mm3 (1% of 

total volume) 

 

Table 4 Postoperative drawings, selection area, postoperative model and stats of three models based on patient cases. The grey area on the 

postoperative model is the visual representation of scar tissue. 
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3.2 Patient cases 

Three patient cases where included for the validation process. 

For each patient the pre- and postoperative drawings, the 

created virtual resections and model characteristics can be 

found in Table 4. Forward simulations, inverse simulations and 

the ROM measurements are summarised in one table for each 

patient (table 5-7). The patient characteristics and video 

inspection are explained in plain text.  

 
 Table 5: Percetages of the differences between the pre and 

postsurgical final position of the tip of tongue in a certain direction 

after performing a manouvre. 

Patient 1: pre- versus postsurgery 

Forward simulation  
Distance in direction of manoeuvre 

 protrusion contralateral ipsilateral elevation depression 

no fibroses 2% 5% 6% -5% 11% 

12x stiff. 
7 diameter 

16% 12% 13% 16% 29% 

12x stiff. 

14 diameter 
33% 33% 29% 42% 53% 

14x stiff. 
7 diameter 

21% 17% 36% 24% 35% 

Inverse simulation 
Distance in direction of manoeuvre 
 protrusion contralateral ipsilateral elevation depression 

12x stiff. 

7 diameter 
16% 6% 4% 0% 24% 

Patient ROM measurement  
Euclidean distance 
 protrusion contralateral ipsilateral elevation depression 

 49% -5% 10% 38% 30% 

 

Patient 1 characteristics 

The first patient (57 y/o) was treated for an T1 Squamous cell 

carcinoma ventral right with unknown amount of affected 

lymph nodes and zero metastasis (T1NxM0). The diameter of 

the tumour is 1.8 cm. Because of deep tumour strands there was 

an additional resection of 4 mm. of the deep edge of the initial 

resection. The resection volume is 26 mm3. As can be seen on 

the postoperative drawing in Table 4 a large part of the right 

anterior and lateral part of the tongue was removed during 

surgery. The postoperative model shows a tongue, missing 

many right superficial muscles and a large volume with scar 

tissue where the wound is closed. 

 

Video Inspection  

Postoperative, there is a clear deviation to the ipsilateral side 

while protruding. The patient cannot elevate the tongue 

anymore. Before surgery this was about 1 cm. While pointing 

the tonguetip to the ipsilateral side the reach is about 1 cm less. 

The largest impairment can be seen while depressing the 

tongue. Then the range is about 4 cm less.  

 

Patient ROM measurement 

Presented in Table 5 are the percentage differences in Euclidian 

distance of a manoeuvre pre- and postoperative. The patient 

ROM measurement gives a largely comparable result with the 

video inspection. But as this is the Euclidian distance, the 

protrusion could be under- or overestimated because the tongue 

was moving to the ipsilateral side too. The impairment while 

depressing the tongue seemed larger on the video than in the 

ROM measurements.  

 

Forward simulation 

Presented in Table 5 are the percentage difference between the 

movement in a given direction (not the Euclidian distance) pre 

and postoperative. With no fibrosis there is almost no change in 

pre- and postoperative movement. With 12x increased tissue 

stiffness over a diameter of 7mm around the former resection 

area the differences become larger. As the exact postoperative 

properties are unknown, the best setting for fibrosis remains 

difficult to estimate. Comparable with the video inspection and 

the patient ROM measurements is that ipsilateral deviation is 

larger than the contralateral deviation. Also the deviation in 

depression, which is larger than most other impairments, is 

comparable with the video inspection. The impairment while 

protruding is larger in the ROM measurement than in the 

forward simulation. However it can be seen that in the video 

inspection the tongue moved to the ipsilateral side while 

protruding and thus probably gives a overestimation.  

 

Inverse simulation 

In the inverse simulation the same impairment can be seen 

while protruding, but the other impairments are certainly less. 

The impairment to the ipsilateral side is slightly larger in this 

case which is not in line with the forward simulation and ROM 

measurements. Also elevation shows no impairment at all 

versus 16% in the comparable forward simulation. There are 

apparently other muscles in this model that can be used to move 

the tip of the tongue to the same position. 

 
Table 6: percetages of the differences between the pre and 

postsurgical final position of the tip of tongue in a certain direction 

after performing a manouvre. 

Patient 2: pre- versus postsurgery 

Forward simulation  
Distance in direction of manoeuvre 

 protrusion contralateral ipsilateral elevation depression 

no fibroses 4% -3% 4% -6% 2% 

12x stiff. 

7 diameter 
15% 14% 11% 2% 13% 

12x stiff. 

14 diameter 
31% 34% 30% 28% 42% 

14x stiff. 

7 diameter 
18% 21% 14% 5% 17% 

Inverse simulation 
Distance in direction of manoeuvre 
 protrusion contralateral ipsilateral elevation depression 

12x stiff. 
7 diameter 

18% 10% 7% -1% 14% 

Patient ROM measurement  
Euclidean distance 
 protrusion contralateral ipsilateral elevation depression 

 -43% 19% -7% -15% 20% 
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Patient 2 characteristics 

The second patient (67 y/o) was treated for an T2N0M0 

squamous cell carcinoma on the right lateral tongue edge. There 

was no peri- or postoperative drawing available, so the virtual 

surgery is based on a preoperative drawing of the tumour 

location and the written report. The exact dimensions of the 

resection are not known. The resection volume is 16 mm3.  

Video inspection 

After surgery there is a small decline of about 5 mm. when 

protruding and a deviation to the ipsilateral side. When the 

patients tries to move to the ipsilateral side the tongue depresses 

almost 40 degrees. Movement to the contralateral side is 1 cm. 

less in the postoperative situation. Elevation of the tongue is 

almost not possible preoperatively and looks slightly worse 

after surgery. 

 

Patient ROM measurement 

The patient shows an improvement of 43% in Euclidean 

distance when protruding. This was clearly not the case in the 

video inspection. Instead, the tongue pointed into a different 

direction in the postoperative video. There is also a 7% 

improvement when moving the tongue to the ipsilateral side. 

Also this is questionable as video inspection shows that the 

tongue depresses instead of moving to the ipsilateral side. 

Postoperatively the patient cannot elevate the tongue above her 

front teeth so an improvement of 15% is also unlikely.  

 

Forward simulation 

Looking at the forward simulation, there are no real outliers. 

The decline in motion is mostly the same using all settings. 

With a fibroses diameter other than 14 mm the decline in 

elevation is almost non existing. This is comparable to the video 

inspection showing no outliers in pre and postoperative 

differences. 

 
Table 7: percetages of the differences between the pre and 

postsurgical final position of the tip of tongue in a certain direction 

after performing a manouvre. 

Patient 3: pre- versus postsurgery 

Forward simulation  
Distance in direction of manoeuvre 

 protrusion contralateral ipsilateral elevation depression 

no fibroses 0% 6% 5% -5% 10% 

12x stiff. 

7 diameter 
2% 10% 4% 2% 15% 

12x stiff. 
14 diameter 

11% 22% 13% 13% 30% 

14x stiff. 

7 diameter 
3% 11% 5% 4% 17% 

Inverse simulation 
Distance in direction of manoeuvre 
 protrusion contralateral ipsilateral elevation depression 

12x stiff. 

7 diameter 
3% 11% 5% -6% 16% 

Patient ROM measurement  
Euclidean distance 
 protrusion contralateral ipsilateral elevation depression 

 -32% 30% 10% 30% 7% 

 

Inverse simulation 

The results of the inverse simulation are comparable with the 

forward simulation. Overall there seems to be no improvement 

in motion capabilities by using other muscles to get the same 

movement.  

 

Patient 3 characteristics 

The third patient (56 y/o) was treated for a T1N0 squamous cell 

carcinoma at the right tongue base. The ulcer had a diameter of 

5 mm and a depth of 1.5 cm. The volume of the tumour is 13 

mm3. 

 

Video inspection 

Protrusion is a little less far but not very different from the 

preoperative video. The motion to the contralateral side 

declines about 5 mm while the motion to the ipsilateral side 

remained the same. There is a huge elevation of the tongue pre 

and post-operatively and the depression did not change notably. 

 

Patient ROM measurement 

There are large changes in Euclidian distance in the ROM 

measurements while there are no large differences at video 

inspection. The only large difference at video inspection was a 

decline in motion to the contralateral side and a little decline 

while protruding. The decline in motion at the contralateral side 

is also visible in the ROM measurements but the improvement 

in protrusion is probably not realistic. 

 

Forward simulation 

In the forward simulation a decline in motion to the 

contralateral side is also visible in the “12x stiff 7 diameter” 

simulation. Depression showed a significant change in motion 

during the simulation, while this was not noticed at video 

inspection. The other differences are small, which is 

comparable to the video inspection 

 

Inverse simulation 

There is no noticeable difference between forward and inverse 

simulation other than that elevation could be improved 

somewhat. Elevation is even better than in the preoperative 

model. 

 

3.3 Patient comparison 

In the ROM measurement, video inspection and biomechanical 

model the largest impairment can be seen in patient 1. The 

resection volume of patient 1 is a much larger than those of the 

other patients. The resection volumes of patient 2 and 3 as well 

as the motion impairments were more comparable. In all three 

patients, the biomechanical model does not show the same 

proportions in impairment as the ROM measurements. 

However, it appears that the biomechanical model is more 

comparable to the video inspection than to the ROM 

measurement. By comparing the patient measurements with the 

video we see that the impairment for a motion to the 

contralateral side is larger than for a motion to the ipsilateral 

side. This is less noticeable in patient 1, who had undergone a 

resection at the anterior part of the tongue. 
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4. DISCUSSION 

In this report, a method to perform virtual surgery on a 

biomechanical model was presented. An easy to use tool is 

created to select and shape a resection volume. Also a new way 

of creating a FEM model was presented. After suturing the 

virtual resection and adding scar tissue, the postoperative 

tongue of three patient was imitated. Results show that, 

although not all muscle volumes and forces are comparable 

with the initial model of Buchaillard (2009)23, postoperative 

movements of the model show similar impairments as patients 

on the video recordings. 

4.1 The model 

The initial tongue model is based on an atlas of 10 patients and 

then morphed to one patient specific model to get a general 

representation of the tongue while maintaining the details of the 

tongue17,18,22,23. The tongue was then transformed to a low 

resolution FEM model. The surface mesh used in this report is 

a smoothed version of the surface from this low resolution FEM 

model, and is therefore not a perfect resemblance of either an 

atlas or a personalised model of the tongue. As the 

postoperative movements of an atlas model cannot be validated, 

the next step would be to acquire a segmented FEM or surface 

mesh from patients included in the ROM measurement studies. 

This would also require personalised muscle configurations, 

which will be explained later in this discussion. Also closing of 

the hole in the mesh after surgery is visually far from perfect 

(Table 2). No better method was found to close this mesh, but 

it probably would not affect postoperative motion as the area is 

very small.  

 

The method used in this report to separate the surface mesh and 

FEM model has never been used before. A FEM model that also 

represents the exact tongue shape, like the initial model, forces 

researches to work with low resolution handmade models. The 

only way to edit these kind of models is by altering tissue 

properties or by removing huge elements. Separating the 

surface mesh and the FEM model made it possible to easily edit 

detailed parts of the tongue and actually remove a part from the 

model. This on its turn made it possible to create virtual sutures 

to close the resection. This step is practical as most of the 

surgeons in the Netherlands use primary closure using suturing 

during a glossectomy instead of free-flap reconstruction14.  

 

The method for creating the new model, however, is far from 

optimal. The FEM model consisting of cubic shaped elements 

is created according to the shape of the surface mesh. In order 

for this to work, the mesh needs to be completely enclosed in 

the fem model. Otherwise, muscles fibres are placed outside the 

FEM model. This happens often in case of the SL muscle, 

which is located on the top surface of the tongue. The problem 

which arises when enclosing the mesh in the FEM model is that  

the volume of the FEM model will be larger than the volume of 

the surface mesh. By increasing the amount of elements in the 

FEM model the surface will be matched more precise and the 

volume of the FEM model will be more comparable to the 

initial model. However it will still be almost 25% too large 

(Table 2). The increased weight is not a problem, as argued in 

the method section, but the resistance created by the amount of 

tissue probably is. A better way to match the volume would be 

to only include elements that are for more than 50% within the 

surface model. But then again, a solution has to be found for the 

muscle fibres that are placed outside the FEM. It also remains 

questionable if enabling the placement of fibre muscles outside 

the FEM model, only for the purpose of creating element 

muscles around them, would give better movement of the 

tongue. The real solution would be a FEM morphing solution 

in which different shapes of elements are automatically created 

to match the surface mesh. As discussed in Appendix D, 

creating a perfect matching FEM model for every surface mesh 

is still a challenging topic. 

 

Implementation of muscle bundles is one of the weaker parts of 

the new model. The bundles that are used are extracted from the 

initial model of Buchaillard23. As mentioned earlier, this model 

consists of a limited amount of elements. Muscle fibres in this 

model are made to connect only to the nodes of those elements. 

The muscle fibres are therefore also of a low resolution and do 

not have a smooth curvature (Figure 4). These fibres are not 

directly used as actual muscles in the new model but as 

guidance for where the element muscles need to be generated. 

This method appeared to be a weakness for a couple of reasons: 

The diameter to indicate the extent of the area in which 

elements around the fibre are needed to be converted too muscle 

elements is never sufficient. When the diameter is to small there 

will be elements between fibres of the same muscle that are not 

converted to a muscle element. This is not realistic because 

every spot in a tongue is supposed to be muscle tissue. On the 

other hand, a large diameter can increase muscles to unrealistic 

volumes and can cause them to overlap too much. With the 

FEM model being larger than the surface mesh also elements 

outside the surface mesh will act as muscle. This is probably the 

case with the HG and SL muscle. These muscles are both on the 

surface and thus use all the redundant elements on the surface 

of the FEM model. On the other hand, even with a larger 

diameter there are still elements that are not converted to 

muscle, because these are not around the fibres on spots where 

fibres make a large angle (Figure 4). It is not entirely clear why 

the VER and TRA show such a different movement in 

comparison to the initial model in Figure 22. This is probably 

also due the lack of resolution in the original fibre muscle data. 

Localization of the element muscles and resolution of the 

muscles could be improved by using data from the FEM muscle 

version of the initial model. The difficulty was that an altered 

muscle morphology after suturing of the resection has to be 

transferred somehow to the new postsurgical model without 

saving the actual muscle elements. This however would be a 

time consuming effort, and a lot of the problems that exist with 

the muscles of the fibre model would still exist using this model. 

A more important reason to not use the element muscles from 

the initial model is that future personalised models would make 

use of fibres that are acquired using Diffusion Tensor Imaging 

(DTI). Great progress could be made by increasing the amount 

of muscle fibres and redefining the shape using these DTI 

images. This would be a better focus than improving the 

muscles from the initial model. In future perspectives, new 

ideas for the registration and implementation of muscle bundles 

are discussed. 
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The GH and SL muscle have large volumes in the new model 

in comparison to the initial model but induce a significantly 

smaller movement with an excitation gain of 0.3. The original 

fibres of these two muscles are on the surface of the tongue, and 

when activated they act as a kind of “lever” for upward 

movement. One reason for the smaller movement could be that 

due to the large volumes of the element muscles, excitation 

results in a squeezing movement instead of a “lever” 

movement. Another explanation is that the amount of force a 

fibre can generate at a gain of 1 is determined by a pre specified 

value, while the force of an element is determined by its 

volume. This pre-specified value is in no relation to the amount 

of fibres while the amount of elements have a direct relation to 

the amount of fibres.  

 

The selection method to implement virtual surgery works well. 

It is possible to create most shapes used for resections with this 

simple tool. However, the shapes are not sleek. The virtual 

resection is created from faces on the surface mesh of the 

model. They are restricted because of the method used to create 

these virtual resection. More advanced programming could 

implement truly smooth areas that are created independent from 

the existing surface mesh. However, it can be argued that 

smooth shaping is not necessarily needed with these types of 

surgery, where the exact resection cannot be planned in detail. 

Creating 3D objects for the selection of faces on the surface is 

not the most straight forward and computational efficient 

method. But again, the final selection would not differ much if 

the method was faster or more efficient. 

 

When looking at the postoperative volume differences 

something remarkable can be seen. The removed tissue 

volumes in the model are very small. One reason for this is that, 

as mentioned earlier, the FEM model extents beyond the 

surface mesh model. Therefore the resection volume in the 

actual FEM model is relatively smaller than in the surface mesh. 

But that is not the only reason. As can be seen, also the surface 

mesh nearly changes after virtual surgery. The problem is that 

when the resection is closed it cannot be closed entirely. There 

will always be a gap because of the restriction in movement of 

the FEM model. After surgery this gap is closed and fibrosis is 

added. Although this area has no active muscles anymore, it 

will still contribute to the postoperative volume. 

 

4.2 Patient comparison. 

Comparison of the biomechanical model with patients is 

difficult. Especially because techniques to measure functional 

impairment/motion of patients are still not well developed. The 

virtual resections were based on postoperative or preoperative 

drawings from the surgery. From the 10 patients currently 

included in the ongoing ROM study of van Dijk et al.24, only 3 

patients include one of these drawings. This is unfortunate, as a 

surgical resection cannot be simulated without a drawing of the 

area. But even with those 2D drawings the actual location and 

shape of the 3D area remains uncertain. Validation of the 

tumour resection volume in the virtual surgery model was also 

not possible because it is not a personalised model. Therefore 

volumes of the patients tongue are not comparable.  

 

In the ROM measurements, positions of the tongue are 

registered in coordinates of the camera system. This means that 

when the head of the person is not perfectly aligned with the 

camera in the pre and postoperative recording the directions of 

the movements cannot be compared. It is also difficult, if not 

impossible, to correctly align all the coordinates of the video 

with those of the model. However, the Euclidian distance 

between the tooth gap of the person’s two front teeth and the 

top of the tongue can be calculated. This is the reason why the 

results of the biomechanical model are expressed in distances 

in a certain direction and results from the measurements are 

expressed in Euclidian distances. In essence, this Euclidian 

distance is not the ultimate measurement method as a totally 

different direction could still give a comparable Euclidian 

distance (as long as the distance is the same). Without 

inspecting the videos these results could give a distorted 

picture. In order to really compare directions, pre and 

postoperative in the future, the coordinate system needs to be 

calibrated with the head of the specific patient. Details will be 

discussed in future perspectives. 

 

When trying to compare the ROM measurements to the 

movements of the biomechanical model, the opening of the jaw 

also needs to be implemented. While depressing and protruding 

the tongue, the jaw is opened at a certain angle. This also 

happens during other manoeuvres with the tongue. When 

tongue movements of the patient are simulated with the 

biomechanical model these angulations need to be taken into 

account. This is particularly important as the complete 

orientation of the tongue changes when the angle of the jaw 

changes. Other muscle combinations are used when the tongue 

is in a different position. 

 

Considering these limitations, the results can be interpreted 

again. In patient 1 we see that the virtual model correctly 

predicts an impaired movement when depressing the tongue. 

There is not much impairment at the contralateral side. Patient 

2 and 3 underwent resections at the back of the tongue and 

closer to the tongue base. These resections tend to have a more 

significant effect on contralateral movement. This is in line with 

literature that states that tumours closer to the tongue base result 

in more motion (and thus speech) impairment9. Overall 

postoperative movement of the model seems to be in line with 

the video inspection of the patient. On the contrary ROM 

measurement, in its current state, seems less suitable for 

validation of the virtual surgery model. Hopefully there are 

ways to acquire better coordinates from the video’s that are 

already made.  

 

It is remarkable that in a model where so many assumptions are 

made, there is already a tendency to predicting the right 

postsurgical impairment. By taking away those assumptions 

and by personalising and improving the model it could be on its 

way to eventually predict the functional outcome of a partial 

glossectomy. 
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5. FUTURE PERSPECTIVE 

5.1 Personalised tongue mesh 

The mesh that was used for the tongue was a mesh that is based 

on an atlas of 10 patients and then morphed to one specific 

patient. The morphing is done because a mesh made of an atlas 

does not look like an actual tongue. This results in a general 

tongue model that is still personalised to an unknown person. It 

is not possible to validate a model in detail for postsurgical 

impairment when the preoperative model does not have the 

same shape and volume of the patient. The next step would be 

to create or adapt a segmentation method to segment the tongue 

shape and volume.  

 

5.2 Personalised muscle bundles 

Muscle orientation and strength, just like shape and volume, 

differs much between persons. To simulate postoperative 

motion in detail, the individual morphology of all tongue 

muscles is needed. Only then will the right muscles will be 

removed or displaced during virtual surgery. At this moment 

Diffusion Tensor Imaging (DTI) seems to be the right technique 

for this purpose. DTI is frequently used for the visualisation of 

neural axons in the human brain. It is a technique that uses the 

Brownian motion of water molecules to generate contrast in 

images. It is a method to visualise the diffusion processes in 

tissue. In fibre muscles as well as axons, diffusion is faster in 

the direction of the fibre. Because of this phenomenon it is 

possible to find the direction of the diffusion which makes it 

possible to visualise the muscle fibre directions 38. Ongoing 

research at the NKI, Academic Medical Center (AMC) and 

other institutes is focused on improving acquisition sequences 

to get clear muscle fibre directions from the tongue39,40. This 

fibre data can be used instead of the low resolution fibre data of 

the initial model to create a truly personalised model. 

 

5.3 Stiffness & fibrosis 

Every person’s skin is different and feels different, so are the 

tissue properties of the tongue. Researchers did not succeed to 

find the correct tissue properties for a moving tongue of a living 

person yet23,34. The best effort for the initial model and the new 

model was to use both limited data from living and dead 

tissue23. In addition to these difficulties, tissue properties also 

varies between persons. There are methods to measure stiffness 

with an MRI, but also other methods are being evaluated at the 

NKI and AMC. Imaging of soft tissue strain and elasticity using 

ultrasound seems to be a promising cost saving and accessible 

solution. For the prediction of postoperative impairment a 

personal preoperative biomechanical model is not enough. 

Many so far unknown tissue reactions are happening in the 

resection area and not much is known about the exact 

development in this region in terms of tissue properties. A next 

aim is therefore to find tissue properties and the extent of scar 

areas after surgery. As can be learned from the results of this 

report, scar tissue has a significantly influence on the 

postoperative mobility of the tongue and is therefore crucial for 

the functional outcome. 

 

5.4 Improved FEM structure 

The automated creation of the FEM structure for the new model 

was forced to be a structure consisting of cubic elements, since 

no method is available that can automatically create a FEM 

model consisting of a hexahedral mesh that is completely 

adapted to the shape of the surface mesh. Automatic mesh 

generation is only possible with tetrahedral elements, which 

cannot be used for the tongue model as they are prone to 

volumetric and shear locking. Details of this principle are 

explained in Appendix D. New techniques are being developed 

where mixed meshed are used to automatically create complex 

FEM shapes. Here tetrahedral elements are used for parts of the 

surface with a bug curvature, but inside, the mesh is completely 

hexahedral41. This mixed mesh model showed no large 

differences to the original all hexahedral mesh. Using this kind 

of automatic meshing would be beneficial for the further 

development of the virtual surgery model. 

 

5.5 Techniques for measuring pre and postoperative tongue 

motion 

As discussed, the acquisition of pre and postoperative motion is 

not optimal. The Euclidean distance is not the best criterion for 

range of motion and cannot be used as a validation for the 

biomechanical model. The coordinates are measured in camera 

coordinates and are thus not aligned to the subjects head. 

Coordinates can be aligned in one direction by taking the 

corners of the subject’s eyes. The other directions are more 

difficult to detect as there is no solid point to calibrate the depth 

and horizontal turning of the head. Although not completely 

solid, the marker on the nose could be used to try and determine 

depth and rotation of the head. Another suggestion is to use a 

calibration tool mounted to the face of the patient under both 

pre and postoperative conditions. Alternatively, it could also be 

a small plate with mounted coordinate axis for the patient to bite 

on. Another point of discussion was that the movement of the 

jaw is not recorded. This can be fixed by simply adding a 

marker on the chin to compensate for jaw movements. 

 

5.6 Creation of the complete airway structure 

The final aim of virtual surgery is not the prediction of 

postoperative motion, but the prediction of postoperative 

functional performance. To predict speech and swallowing 

outcomes the complete vocal tract have to be modelled. 

Ongoing research at the University of British Columbia is 

focused on the modelling the complete upper airways and 

digestive tract. Eventually, this model will be able to transfer 

fluid and solid boluses just like a real human. A speech 

synthesizer will also be built in to simulate speech. A 

postoperative tongue model could be implemented in the model 

to explore the effects of the impairment of the tongue on 

postoperative speech and swallowing function. After the tongue 

is sufficiently personalised, implementing the tongue in such a 

model and simulate the effects of surgery or radiation would be 

the final aim for this project 

5.7 Comparison with expertise of surgeon 

As can be read in Appendix G an additional study was started 

to gather predictions of functional outcome from surgeons just 
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before surgery. When the collection is complete, predicted 

surgical outcome from the virtual surgery could be compared 

with the prediction of the surgeon. It would be the ultimate 

validation for the biomechanical model. Only when the 

biomechanical model is able to predict functional outcome 

better than a surgeon it would be an addition to clinical practice. 
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Appendix A.  ANATOMY OF THE TONGUE 

 

The tongue is a complex structure, solely made of muscles. The 

muscles can be divided into two groups. Extrinsic muscles 

originate from a ridged structure and are named after a ridged 

structure or the location of the muscle. Intrinsic muscles only 

have muscle-muscle contact and are named after the way they 

course. Table 8 shows a summary of the muscles. 

 
Table 8: Table of Extrinsic and intrinsic muscles of the tongue. 

 

Extrinsic muscles 

The main action of the M. Genioglossus (GG) is to depress the 

tongue. Its posterior part pulls the tongue towards anterior for 

protrusion. The GG originates anteriorly from the mental spines 

on the inner surface of the mandibula. As can be seen in figure 

1, the GG fans out over a great part of the tongue and intersects 

with the Superior longitudinal muscle (SL). A smaller part is 

also connected to the hyoid bone. Caudal from the GG is the 

longitudinal M. Geniohyoidus (GH) which is connected to 

both the mental spines and the hyoid bone. This muscle brings 

the hyoid bone forward and upwards causing dilatation of the 

upper airway, used during respiration. The M. 

Styloglossus(SG) is originated from the distal part of the 

styloid process. Its function is to retract and draw up the tongue 

to create a passageway for swallowing. The M. 

Hyoglossus(HG) originates from the hyoid bone and contracts 

or depresses the tongue. Innervation of the most extrinsic 

muscles is controlled by branches of the hypoglossal 

nerve(XII). An exception is the Palatoglossus(PG), which is 

innervated by the vagus nerve. The PG elevates the posterior 

part of the tongue and is not necessary needed for 

swallowing42,43. The mylohyoid muscle(MH) is not a part of 

the tongue but forms the floor of mouth. The muscle has its 

origin at the medial side of the mandible and its insertions at the 

hyoid bone and the mandibular symphysis. The MH can elevate 

the tongue and is an important muscle during swallowing and 

speech. Innervation is performed by the Mandibular branch of 

trigeminal nerve (V) 42,43 

 

Intrinsic Muscles 

The superior longitudinal muscle is located inferior to the 

lamina propria in the tongue dorsum and curls the tip and sides 

of the tongue when innervated. It also shortens the tongue. The 

Inferior longitudinal muscle (IL) is located lateral from the 

GG. It also serves to curl the tongue but from a deeper muscle 

layer. Both the transvers and the vertical muscles are located 

caudal from the SL and proximal from the IL. The fibres from 

the transverse muscle travel from the medial septum to the 

lateral border of the tongue. The fibres from the vertical muscle 

travel from the ventrolateral submucosa to the dorsum of the 

tongue. All intrinsic muscles are innervated by the hypoglossal 

nerve. 42,43 

 

 
Figure 23: Sagittal anatomical illustration of tongue muscles44. 

 
Figure 24: coronal illustration of tongue muscles45. 

Extrinsic muscles Intrinsic muscles 

Genioglossus (GG) Superior longitudinal 

muscle (SL) 

Hyoglossus (HG) Inferior longitudinal muscle 

(IL) 

Styloglossus (STY) Transverse muscle 

(TRANS) 

Palatoglossus* Vertical muscle (VERT) 

Geniohyoidus (GH)**  

Mylohyoid Muscle (MH)**  

*The palatoglossus is not simulated in the biomechanical model 

** these are muscles from the floor of mouth, but are also embedded in the 
biomechanical models 
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Appendix B. THE VIRTUAL THERAPY PROJECT 

The goal of Virtual Therapy is to find balance between cure and 

quality of life in patients suffering from head and neck cancer. 

Right now this is difficult because postoperative functional 

outcomes such as swallowing, mastication and speech are hard 

to predict accurately. The choice for treatment is therefore 

based on a hard threshold in a grey area. 

The Virtual Therapy Project is aimed at clearing up this grey 

area and to provide tools to both the physician and patient to 

make decisions based on accurate predictions of function 

outcome. The most promising tool will be a biomechanical 

model that is able to simulate the patients individual aero 

digestive tract pre and postoperative. The tool will be focused 

on the main functionalities of this tract: 

 Swallowing 

 Mastication 

 Speech 

The project is aimed at the construction of a personal 

biomechanical model of the patients aero digestive tract after 

the first consultation. The surgeon or clinical technician will 

then simulate different kinds / combinations of treatments 

which can be evaluated at the multidisciplinary board meeting. 

The patient will be confronted with a model that shows its own 

postoperative functional impairment (Figure 26). The patient 

will also be able to hear the predicted changes in voice. This 

can make the patient better informed to make its own decision 

and to choose for the other treatment option if available. 

Creating this biomechanical model is a long term goal, as many 

steps towards this goal are not straight forward or easy. 

 

Requirements 

Important anatomical structures that are involved in these 

functionalities and thus need to be simulated are: 

 Lips / muscles of the face 

 Oral cavity: lips / Tongue / floor of mouth 

 Oropharynx: palate and soft palate 

 Larynx and hypopharynx: Vocal cords / epiglottis 

Each anatomical structure has its own contribution to these 

functionalities. Only when the contributions of all individual 

structures are known, a complete functionality model can be 

made. In addition, anatomical changes and compensatory 

movements after an intervention have to be taken into account.  

 

pre intervention: Initial state of the model 

In order to simulate effects of an intervention, the initial model 

needs to resemble the patient as close as possible. Methods need 

to be developed to personalise the anatomical shapes of the 

structures, but also there preoperative functionality. Muscle 

force, the direction of muscle fibres and tissue properties are all 

needed to get a good representation of the functionalities of 

structures. Techniques used in this part of the developed are 

segmentation and 3D morphing of medical imaging, functional 

EMG to measure muscle contribution, Dynamic Tensor 

Imaging (DTI) and video tracking tools. 

 

During intervention: State change 

The most important question during the intervention is: what is 

changing and how is it changing? Tools need to be developed 

to change the preoperative model in such a way that it resembles 

interventions such as surgery, radiation and photodynamic 

therapy. Therefore the effects of different interventions on 

different structures need to be clear and implemented. This 

includes the effect of retraction after suturing the resection , but 

also the generation of fibrous tissue after surgery and/or 

radiotherapy. When an intervention is sufficiently imitated the 

outcome is also highly dependent on how advance the 

personalisation of the initial state was. Another important part 

of this phase is the interaction with the physician. The tool must 

be able to alter the state of the initial model in the way the 

physician wants it to be. This means that a large amount of work 

also includes the development of interfaces and ways to interact 

Figure 25: illustration that points out that functional inoperability is 

a hard threshold in a large grey and unknown area which is quality 

of life. 

Figure 26: An illustration showing the proposed clinical work-up. 
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with the model. All these aspects should not be too time 

consuming to allow a timely construction of a virtual surgery 

tool. Techniques such as video / Electromagnetic motion 

tracking and fluoroscopy could help us understand more of the 

processes involved. 

 

After intervention: The functional outcome 

After the invention the personalised model of the patient is 

changed. For the functional outcome, methods need to be 

developed to use the altered model to demonstrate the 

functional differences after surgery. Therefore methods are 

needed that can simulate air and fluid flow in the supralaryngeal 

digestive tract, but also transport of more solid structures. 

Postoperative shapes of the lips and tong need to be connected 

to speech production and mastication to generate an objective 

measure for quality of life. All simulated functions should be 

fully comprehensible for the individual patient. 

 

Appendix C. THE FINITE ELEMENT METHOD 

 

one-dimensional finite element approximation 

FEM is a method used to make highly complex mechanical 

problems, solvable by dividing a structure into several smaller 

structures. It is a method often used in mechanical engineering 

to solve thermal problems, fluid problems and mechanical 

problems. A continuous physical problem is transformed into a 

discretised finite element problem. An element is a 1D, 2D or 

3D interpolated line/area/volume bound by nodes. These nodes 

are divined as discrete positions and “carry” the mechanical 

fields. Values within finite elements can be recovered by 

interpolating nodal values. For a linear problem a system of 

linear algebraic equations (contained within nodes) should be 

assembled and solved. 

The main steps of the finite element solution procedure are: 

1. Discretize the domain: divide a domain ( the object) 

into finite elements and nodes. 

2. Determine interpolation functions: Polynomials are 

selected as interpolation function. The degree of these 

functions depends on the number of nodes per 

element. This function is also called the shape function 

as it usually determines the shape of the element. 

Examples are Tetrahedral, Hexahedral elements. 

3. Compute element matrix and vectors: The matrix 

equation that relates the nodal values of the unknown 

function to the known parameters is created. 

4. Assembling of element equations: Local element 

equations need to be combined properly to find a 

global equation system. Elements connectivity’s are 

used in this process and also boundary conditions 

should be imposed. 

5. Solve the global equation system: Direct and Iterative 

methods can be used the find nodal values. 

To understand the principle of Finite Element its best to just 

start with simple examples. In the next section there will be 

three examples, each example a bit more advanced.  

The simplest way to explain the finite element method is by 

analysing a 1D example46: 

Figure 27 shows an elastic rod with ends 1 and 2. These are the 

nodes. When a force N1 is applied to node 1 in the direction of 

2 while node 1 is fixed the equation is as follows: 

 

 
𝑁1 =

𝐴𝐸

𝐿
𝑢1 

 
(11) 

With L the length of the rod, A the cross section, E the  

Young’s modulus and u1 the amount of shortening. 

 

 
Figure 27: Example of a rod, with nodes 1 and 2, length L and cross 

sectional area EA46. 

 

According to Newton’s 3th law there must be a reaction force 

R2 at node 2 N2 That is the opposite of N1. 

If we add a force N2 at node 2 pointing away from node 1 the 

rod lengthens by an amount u2. The reaction force R1 will be 

the opposite of R2. 

 When the rod is subjected to both forces N1 and N2 the total 

forces F1 will be: 

 
𝐹1 = 𝑁1 − 𝑅1 =

𝐴𝐸

𝐿
𝑢1 −

𝐴𝐸

𝐿
𝑢2 

 

(12) 

 
𝐹2 = 𝑁2 − 𝑅2 = −

𝐴𝐸

𝐿
𝑢1 +

𝐴𝐸

𝐿
𝑢2 

 

(13) 

And in vector from: 

 

[

𝐴𝐸

𝐿
−

𝐴𝐸

𝐿

−
𝐴𝐸

𝐿

𝐴𝐸

𝐿

] {
𝑢1

𝑢2
} = {

𝐹1

𝐹2
} 

 

(14) 

Or as a simpler equation: 

 [𝐾𝑒]{𝑢𝑒} = {𝐹𝑒} 
 

(15) 

 

With {𝑢𝑒} the nodal displacements and {𝐹𝑒} the nodal forces. 
[𝐾𝑒] is called the stiffness matrix. 

As can be seen in the picture; without constraints there will be 

no single solution to this system. This makes sense as one can 

imagine the rod will move in space when the 2 unknown forces 

F1 and F2 are applied. Now in the same way a more complex 

structure will be discussed: 

 



 

Page | 25  

 

 
Figure 28: Example of a structure consisting of 3 nodes and 3 elements. 

Also boundary conditions are applied46. 

This is a simple structure consisting of three nodes and three 

elements. Only axial movement is possible, so each node has 2 

degrees of freedom. The total system thus has 6 degrees of 

freedom. As boundary conditions we say that 1 is fixed, 2 is a 

rolling element on the X-axis and 3 is free. An element consist 

of 2 nodes and thus 4 degrees of freedom: 

 {𝑑𝑒} = {𝑢1, 𝑣1, 𝑢2, 𝑣2}
𝑇 (16) 

 

 

The stiffness matrix for that element is of the form: 

 

 

[𝐾𝑒] =

[
 
 
 
 
 

𝐴𝐸

𝐿
0 −

𝐴𝐸

𝐿
0

0 0 0 0

−
𝐴𝐸

𝐿
0

𝐴𝐸

𝐿
0

0 0 0 0]
 
 
 
 
 

 

 

(17) 

The elements only have axial deformation so the second and 

fourth column, representing transversal deformation, are zero. 

To make the next section clear, it is easier to use actual numbers 

for the calculation. Let’s assume that these elements are made 

of platinum, with a Young’s modulus of Platinum (21300MPa) 

a fictional cross-sectional area of 2000 mm2 (A.) With this we 

can calculate for example the stiffness matrix of element 2:  

 

[𝐾2] = [

7100 0 7100 0
0 0 0 0

7100 0 7100 0
0 0 0 0

] 

 

(18) 

Element 1 and 3 are calculated in the same way. 

 

Global stiffness matrix 

Now that we have the stiffness matrix of the three elements, 

they need to be assembled to a global stiffness matrix. As can 

be seen in figure x, the local coordinate system of element 1 is 

the same as that of the global system. U1 = X and V1 = Y. 

Element 2 has an angle of 90° with the global coordinate 

system. The stiffness matrix of element 2 in global coordinates 

can be calculated using a transformation matrix [𝐶] and the 

following formula: 

 [𝐾𝑒
̅̅ ̅] = [𝐶][𝐾𝑒][𝐶]𝑇 

 
(19) 

[𝐾𝑒
̅̅ ̅] is the stiffness matrix of the global coordinate system.  

The transformation matrix is: 

 

 

[𝐶] =  [

cos 90 −sin 90 0 0
sin 90 cos 90 0 0

0 0 cos 90 − sin 90
0 0 sin 90 cos 90

] 

= [

0 −1 0 0
1 0 0 0
0 0 0 −1
0 0 1 0

] 

 

(20) 

So [𝐾2
̅̅ ̅] is: 

 

[𝐾2
̅̅ ̅] =  [

0 0 0 0
7100 0 7100 0

0 0 0 0
−7100 0 7100 0

] 

 

(21) 

This is also done with element 3 resulting in: 

 

[𝐾3
̅̅ ̅] =  [

1818 2727 −1818 −2727
2727 4090 −2727 −4090

−1818 −2727 1818 2727
−2727 −4090 2727 4090

] 

 

(22) 

Combining [𝐾1
̅̅ ̅] [𝐾2

̅̅ ̅] and [𝐾3
̅̅ ̅] into one global stiffness matrix 

gives:  

[𝐊] =  

[
 
 
 
 
 

12468 2726 −10650 0 −1818 −2727
2727 4090 0 0 −2727 −4090

−10650 0 10650 0 0 0
0 0 0 7100 0 7100

−1818 −2727 0 0 1818 2727
−2727 −4090 0 −7100 2727 11190]

 
 
 
 
 

 

  (23) 

Boundary conditions: 

To get a unique solution for the question. boundary conditions 

are needed. Because in this case Node 1 is completely fixed and 

node 2 partially (roller) it is possible to calculate an unique 

solution for this case. This solution is completely explained in: 

“Introduction to Finite Element Analysis Using MATLAB and 

Abaqus” of A Khennane46. In this simple example we discussed 

the principles of working towards an solution of a finite element 

problem. It is now clear how to how to give physical properties 

to nodes and how to assemble the global stiffness matrix. Also 

without boundary conditions, there will be no unique solution. 

The next example will be more comparable to the Finite 

Element used in the tongue model: 

 

 

FEM of a solid structure. 

This example shows an 3D elastic body structure that is 

subjected to body forces ps, body forces pv , A temperature field 

T and displacement us. This example is based on “Programming 

Finite Elements in Java” from G. Nikishkov47. 
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Figure 29: discretised domain of an elastic body structure47. 

The first step is to discretise the domain (Figure 29). So using 

nodes, quadrilateral elements will be created that resemble the 

shape of the original model as much as possible. Constraints are 

being coupled to the nodes in the lower left corner. Three of the 

upper nodes will have forces that point in a certain direction. 

All properties of this object are now related to the nodal points. 

First the element equation needs to be found: 

 

The nodal displacement along x,y,z is be formulated as: 

 {𝑞} = {𝑢1 𝑣1 𝑤1  𝑢2 𝑣2 𝑤2 … } 
 

(24) 

 

Displacement {𝑢} at some point in the finite element can be 

found using {𝑞} and the shape function 𝑁𝑖: 

 

 𝑢 = ∑𝑁𝑖𝑢𝑖 
(25) 

 𝑣 = ∑ 𝑁𝑖𝑣𝑖 
(26) 

 𝑤 = ∑ 𝑁𝑖𝑤𝑖  
(27) 

 

 

This can be rewritten in matrix form: 

 {𝑢} = [𝑁]{𝑞} 
 

(28) 

With N, the shape function: 

 

 
[𝑁] = [

𝑁1 0 0 𝑁2 …
0 𝑁1 0 0 …
0 0 0 𝑁1 …

] 

 

(29) 

Strains can be determined through displacements at nodal 

points. The strain vector consist of 6 strain components: 

 

 {𝜀} = {𝜀𝑥𝜀𝑦𝜀𝑧𝜀𝑥𝑦𝜀𝑥𝑧𝜀𝑧𝑥} (30) 

The relationship between strains and displacement is: 

 

 {𝜀} = [𝐵]{𝑞} 
 

(31) 

With B the displacement differentiation matrix which is defined 

as: 

 [𝐵] = [𝐷][𝑁] 
 

(32) 

With D the matrix differentiation operator: 

 

[𝐷] =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
𝜗

𝜗𝑥

0 0

0
𝜗

𝜗𝑦

0

0 0
𝜗

𝜗𝑧

𝜗

𝜗𝑦

𝜗

𝜗𝑥

0

0
𝜗

𝜗𝑧

𝜗

𝜗𝑦

𝜗

𝜗𝑧

0
𝜗

𝜗𝑥]
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

(33) 

Using the shape function and matrix differentiation operator the 

displacement differentiation matrix can be made: 

 

 

[𝐵𝑖] =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
𝜗𝑁𝑖

𝜗𝑥

0 0

0
𝜗𝑁𝑖

𝜗𝑦

0

0 0
𝜗𝑁𝑖

𝜗𝑧

𝜗𝑁𝑖

𝜗𝑦

𝜗𝑁𝑖

𝜗𝑥

0

0
𝜗𝑁𝑖

𝜗𝑧

𝜗𝑁𝑖

𝜗𝑦

𝜗𝑁𝑖

𝜗𝑧

0
𝜗𝑁𝑖

𝜗𝑥 ]
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

(34) 

 

 

 

Stresses (stress vector {𝜎}) are related to strains in elastic body 

by Hooke’s Law: 

 

 {𝜎} = [𝐸]{𝜀𝑒} = [𝐸]({𝜀} − {𝜀𝑡}), (35) 

 {𝜀𝑡} = {𝛼𝑇 𝛼𝑇 𝛼𝑇 0 0 0} (36) 

 

 

 

E is the elasticity matrix which depends on elastic material 

properties. {𝜀} is the elastic part of strains and {𝜀𝑡} the thermal 

part. [𝐸] is the elasticity matrix which depends on the elastic 
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properties of the material. 𝛼 is the thermal expansion coefficient 

and T the temperature. 

 

The goal of the finite element solution of an elastic problem is 

to find a displacement field in the potential energy Π in the 

system is minimal:  

 
Π =  ∫

1

2
{𝜀𝑒}𝑇{𝜎}𝑑𝑉

𝑉

− ∫ {𝑢}𝑇{𝑃𝑉}
𝑉

𝑑𝑉

− ∫ {𝑢}𝑇{𝑃𝑆}
𝑆

𝑑𝑆 

 

(37) 

{𝑃𝑉} is the body force vector and {𝑃𝑆} the surface forces. Using 

the stress and strain relations the total potential energy through 

nodal displacements can be expressed as: 

 
Π = ∫

1

2
([𝐵]{𝑞} − {𝜀𝑡})𝑇[𝐸]([𝐵]{𝑞}

𝑉

− {𝜀𝑡})𝑑𝑉

− ∫ [𝑁]{𝑞}𝑇{𝑃𝑉}
𝑉

𝑑𝑉

− ∫ [𝑁]{𝑞}𝑇{𝑃𝑆}
𝑆

𝑑𝑆 

 

(38) 

The nodal displacements {𝑞} correspond to the minimum of the 

functional Π are determined by the condition: 

 
{
𝜗Π

𝜗𝑞
} = 0. 

 

 

(39) 

After differentiation from Π with respect to {𝑞} it gives the 

following equilibrium equation for a finite element: 

 
∫ [𝐵]𝑇[𝐸][𝐵]𝑑𝑉
𝑉

− ∫ [𝐵]𝑇[𝐸]{𝜀𝑡}𝑑𝑉
𝑉

− ∫ [𝑁]𝑇{𝑃𝑉}
𝑉

𝑑𝑉

− ∫ [𝑁]𝑇{𝑃𝑆}
𝑆

𝑑𝑆 = 0 

 

 

(40) 

Which can be expressed in the same way as equation 15: 

 

 [𝑘]{𝑞} = {𝑓} 
 

(41) 

With  

{𝑓} = {𝑝} + {ℎ} 
the load vector (force), 

[𝑘] =  ∫ [𝐵]𝑇[𝐸][𝐵]𝑑𝑉
𝑉

 

the Element stiffness matrix, 

{𝑝} =  ∫ [𝑁]𝑇{𝑃𝑉}
𝑉

𝑑𝑉 − ∫ [𝑁]𝑇{𝑃𝑆}
𝑆

𝑑𝑆 

the vector of the actual forces and 

{ℎ} =  ∫ [𝐵]𝑇[𝐸]{𝜀𝑡}𝑑𝑉
𝑉

 

the thermal vector (represents frictions forces). 

 

We now have the same expression as in example 1 but for an 

elastic 3D body. The next step is the assembly of the global 

equation system and finding a solution for the complete system. 

For previous example this is explained in “Programming finite 

elements in java” from G. Nikishkov 47  

In these examples we have discussed all steps of the finite 

element analysis in a non-structured way. We did not solve any 

of the examples because this is usually a substantial effort by 

hand. For this purpose a lot of software solutions such as 

ANSYS, Abaqus and ArtiSynth are available. In programming 

different solvers can be used to solve these differential 

equations for large systems. More about these integrators can 

be read in Appendix E.  

 

 



 

Page | 28  

 

Appendix D. FINITE ELEMENT MESHING TECHNIQUES 

 

As mentioned multiply times the initial tongue model in 

Artisynth based on Buchaillard et al. (2009)23 is completely 

handmade. Implementing the surgery tool required editing of 

the model. Before S. Fels (UBC) came up with the idea to split 

the surface mesh and the FEM model, other methods where 

explored: 

 

Removing Elements from the original model 

The simplest way to perform surgery on the original model was 

to remove elements using the standard editing tool in ArtiSynth. 

Visual inspection of the model (Figure 30) shows that removing 

these structures hardly resembles a real resection because of the 

sharp edges and flat bottom. Because of the large elements, it is 

not possible to create complex resection shapes. Closing this 

hole using the same suturing technique as in this thesis would 

lead to an unstable model and is therefore not possible. The 

advantage of this method, however, was that the original fibre 

muscles could be used. Also, the rest of the original model 

would stay unchanged and therefor no validation of the new 

model was needed. Surgery on this model using free-flap 

reconstruction was already performed in Buchaillard(2007)22 

  

 
Figure 30: Postoperative model after deleting elements from the initial 

model. 

Changing the FEM shape 

In order to get a realistic resection area the FEM mesh needed 

to change. Nodes always need to connect with a node from 

another Element. Its therefore not possible to cut elements in 

halve or in other shapes. For this reason there is no good 

technique today that can automatically generate a hexahedral 

FEM mesh. However there are techniques to automatically 

generate tetrahedral meshes. Built-in in Artisynth is the 

automatic FEM generator TedGen48. This software generates a 

tetrahedral FEM mesh from the original surface mesh. The 

vertices on the surface will be changes to nodes and the whole 

structure will be filled with more elements and nodes. The 

initial model was made in hexahedral elements, so it is 

effortless to just convert the initial surface mesh to a tetrahedral 

surface mesh. Using the same techniques used in the method 

section a resection volume was created in this model and the 

wound was closed with virtual sutures. 

 

 
Figure 31: Postoperative model using the TetGen method. 

 Editing this model was easy, as area’s could be generated 

automatically over and over again. But tetrahedral meshes have 

some significant disadvantages over hexahedral elements. A 

reduced convergence of strains and stresses, pressure 

checkerboard instabilities and mainly: Shear and volumetric 

locking. This is an artificial stiffening that appears in ( almost) 

compressible materials. As a result of the incompressibility of 

the material, kinematic constrains force finite elements to 

deform with a constant volume. This results in a Finite Element 

model that with degrees of freedom that are not independent 

anymore. 

 

Ultimately an approach was used in which the surface mesh and 

FEM model are separate. This is however still an intermediate 

step. As could be seen in the results, movements are not the 

same as the initial model and the volume is way larger than the 

surface mesh. A few resent developments with advanced 

meshing techniques show promising results. 

 

Advanced meshing techniques 

Tetrahedral elements are prone to shear and volumetric locking 

and are therefore by definition not suitable for hyperelastic 

materials. Because hexahedral elements are considered the best 

element shape for hyperelastic materials, hexahedral mesh 

generation is a popular topic of research. To the present day, 

this is still a considerable challenge. One of the more recent 

attempts to create an automated hexahedral mesh is from 

Schooning et al.49 In this paper they tried to create a Femur from 

only hexahedral elements. Although the creation of this femur 

succeeded, the writers noted that an extensive amount of human 

interaction was needed to get the FEM mesh right. 

 

A more promising approach is the mixed-element meshing 

technique developed by lobos et al (2016)41. This meshing 

technique is somewhat similar to what is used in this thesis. The 

first step is the automated creation of cubic elements according 

to the shape of a surface mesh. The second step is to fill up the 

transitions between cubic structures with other elements like 

tetrahedral element. The result is a FEM model that mainly 

consist of hexahedral elements, but for a small part of other 
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elements. In this way the shape of the finite element mesh is 

matched in the right, way while maintaining the effects of 

volumetric locking of the tetrahedral elements to a minimum. 

 

These techniques can be used in the future to improve the 

performance of the FEM mesh that is used during virtual 

surgery. A mixed mesh approach could be used to create a FEM 

model that is closer to the shape and volume of the surface mesh 

than the current one. 

 

Appendix E. INTRODUCTION TO ARTISYNTH 

ArtiSynth has been developed at the University of British 

Columbia for the past several years with speech synthesis in 

mind. Artisynth evolved in a general simulation environment 

for modelling complex anatomical systems composed of rigid 

and deformable structures, but many applications are still 

focused on pathologies of the oral cavity and the upper airway. 

Sleep apnoea50 swallowing disorders, speech pathologies and 

surgical interventions are all simulated within this environment. 

Artisynth is open source and unlike most of the commercial 

software available (ANSYS, SIMULA, SolidWorks and 

ADAMS) Artisynth has the ability to create hybrid models 

(FEM and rigid structures) in an easy way. ArtiSynth consist of 

an Application Programming Interface (API) for the creation of 

rigid bodies, joints, FEM, point to point muscles, particles and 

more. Physics simulations can handle bilateral and unilateral 

constraints, contact ,friction and inverse simulations. Artisynth 

is built in Java (oracle) and its therefore easy to alter or to extent 

simulation behaviour. Because Matlab is also working in a java 

environment, Artisynth can be executed by Matlab as well. 

Matlab is perfectly useful for generating input for 

biomechanical models, but also for the analysis of these models. 

 

Artisynth system design basics 

Integration from Artisynth with the user is done via a Graphical 

user interface (GUI) (See Figure 33). This interface consist of 

play controls, an OpenGL-based viewer, property panels and a 

timeline. The viewer host the visual representation of the model 

and tools to edit camera position or other visual properties. 

Properties of the model that do not change over time can be set 

in the properties panel. The type of properties that can be set 

depend on the model that is loaded. Properties are for example: 

Muscle material, mass, density, damping. For properties that 

needs to be changed over time, there is the timeline. Let’s 

assume there is a model with certain muscles that can alter the 

shape of this muscle. To change shape, the muscles need an 

input signal (excitation signal). The timeline contains those 

signals visualised as excitation at a certain time. In this 

example, output can be the location of a certain spot on the 

model over time. This output is saved to the timeline. The 

timeline can manage a great amount of in and output signals for 

each property of the model. Input and output signals are called 

probes. To advance the model in time a scheduler is used. The 

scheduler is responsible for the tasks that need to be fulfilled at 

each time step. The most important step is the physics 

simulation. Mathematical equations are used to calculate the 

state of the model in the next time step. This is usually a 

different shape or position due to a certain force.  

Between the in- and output data are the controllers and 

monitors. Just like input data the controller can control the 

model. The difference is that a controller can use information 

from the previous time step to alter the input data. Monitors are 

essentially the same but there function is solely to monitor 

certain outputs in between time steps. 

 

 
Figure 32: flowchart illustrating the system workflow in ArtiSynth. 

Image acquired from Lloyd et al. (2012)26. 

 
 

 
Figure 33: The ArtiSynth GUI consist of a main screen (upper image) 

and a timeline (lower image). A properties panel can be added to 

every individual model and host properties specific for that model. 
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Creating a biomechanical model in ArtiSynth 

Creating models in Artisynth is usually done in code, using an 

integrated development environment (IDE) such as NetBeans 

or Eclipse. It is important to know that ArtiSynth has a clear 

component hierarchy. The component at the bottom of this 

hierarchy can use most of the components that are higher in 

hierarchy. At the top is the RootModel. This model contains all 

models including components that interact with the simulation 

such as: Controllers, monitors, property panels and probes. The 

Virtual surgery tongue model for example is an instance of 

FemModel named VS_Tongue, which contains the FEM 

structure, Muscles bundles, FEM makers (anchor points) and 

more. These last components are actually containers for even 

more components. Components can be accessed by following 

the path to this component, for example: 

/RootModel/models/VS_Tongue/Musclebundles/STY_L 

Because VS_tongue is an instance of FemModel everything for 

the creation of a FEM Model is already in place. A particular 

model is built by providing information about the positioning 

of structures and values of properties. Programs like eclipse are 

especially useful when builting a model because they provide 

the user with information about the contents those components.  

 

Physical Simulation: Forward modelling 

To advance the biomechanical model forward in time physical 

simulation is needed. At each time step a second-order ordinary 

differential equation (ODE) that is a result of the physics of the 

mechanical system need to be solved. FEM models in ArtiSynth 

use a lumped mass model as these are easy to connect to ridged 

bodies or mass-spring (e.g. muscle fibre bundles) components. 

The formula used is newton’s second law: 

 

 𝐌𝐮̇ = 𝐟(𝐪, 𝐮, t) (42) 

With 𝐌 the composite mass matrix, 𝐪 the positions of the 

dynamic components, 𝐮 the velocities, 𝐟(𝐪, 𝐮, t) the force of all 

force effector components and t the time. Bilateral and 

unilateral constraints are needed to solve the equations. 

Bilateral constraints include rigid body joints, Fem 

incompressibility and point-surface constraints. Unilateral 

constraints include contact and joint limits. Bilateral constraints 

are given as 𝑮(𝒒)𝒖 = 0, unilateral as 𝑵(𝒒)𝒖 ≥ 0 

 

Solving the ODE 

Integrating 1 and 2 in ArtiSynth can be done using explicit and 

implicit integrators. When FEM body is present usually an 

implicit integrator is used with an eye on performance. Models 

using FEM are usually stiff and are therefore an implicit 

integrator is requested. The integrators that can be used are: 

ForwardEuler 

First order forward Euler integrator. Unstable for stiff systems. 

SymplecticEuler 

First order symplectic Euler integrator, more energy conserving 

that forward Euler. Unstable for stiff systems. 

RungeKutta4 

Fourth order Runge-Kutta integrator, quite accurate but also 

unstable for stiff systems. 

ConstrainedBackwardEuler 

First order backward order integrator. Generally stable for stiff 

systems. 

Trapezoidal 

Second order trapezoidal integrator. Generally stable for stiff 

systems, but slightly less so than ConstrainedBackwardEuler. 

 

Solving the equations using is trapezoidal integrator in 

explained in J.E. Lloyd et al.26 

 

Friction and damping 

Artisynth uses a couple of damping techniques such as Columb 

friction and Box friction that are discussed in the Artisynth 

reference manual51. Also translational damping, rotary damping 

and damping terms embedded in for example muscle fibres are 

available. For FEM models Rayleigh damping is used in the 

form of: 

 𝑫𝐹 =  𝛼𝑴𝐹 +  𝛽𝑲𝐹 . 
 

(43) 

Where 𝑫𝐹  is the mass matrix of the FEM nodes, 𝑲𝐹 is the FEM 

stiffness matrix, 𝛼 is the mass proportional Rayleigh damping 

coefficient. 𝛽 is the stiffness proportional Rayleigh damping 

coefficient. 

 

𝑫𝐹  will be embedded in the system matrix when solving the 

ODE.26 

 

Inverse modelling 
Inverse simulations are used to compute muscle activations that 

are needed for a certain movement in a forward simulation. The 

inverse simulation used in ArtiSynth is based on the material of 

I. Stavness37 The input in this case is a certain position in space 

for a certain part of the tongue. The muscle activation 

combination to achieve that position is the output of the 

calculation. Quadratic programming is used to find the muscle 

combination for a certain movement. Because there are 

different muscle combinations to achieve the same movement a 

criteria is needed to come to a single solution. In this case a 

“cost function” is used. This means, in this specific case, that is 

the muscle combination with the lowest combined muscle 

excitations have to be found. The generic term for the cost 

function based on the Dantzig’s LCP pivoting algorithm is: 

 

 
argmin

𝑥∈ℝ𝑛
{
1

2
𝑥𝑇𝑄𝑥 − 𝑥𝑇𝐿} , 𝐴𝑥 ≥ 𝑏, 𝐴𝑒𝑞𝑥 = 𝑏𝑒𝑞 

 

(44) 

With Q a nxn real symmetric matrix, L the linear n-dimensional 

Colum vector. 𝐴 , 𝐴𝑒𝑞 , 𝑏𝑒𝑞 , 𝑏 are (in) equality constraints. x are 

the muscle activations and ℝ𝑛 is set to [0,1], because x can be 

between 0 and 1. Different cost terms have to be combined to 

calculate the complete cost function. The cost functions that 

ArtiSynth uses are: A motion target term, which is responsible 

for the tracking behaviour as it tries to minimize the velocity 

between the target and the object. An L2 regularisation term is 

used to penalize the L2-norm ( Euclidian distance) of the vector 

from the activation signals. This prevents simultaneous 

activation antagonist muscles that result in no motion. A 

damping term is used to penalize substantial changes in 

activations to smooth the overall movement of the FEM model. 
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Appendix F. PROSPECTIVE RANGE OF MOTION STUDY 

A biomechanical model may in theory be the most detailed way 

to predict postoperative motion of the tongue and thus function, 

but it is certainly not the only way. van Dijk et al.24 started two 

studies in which patient tongue range of motion (ROM) is used 

as an measurable indicator for functional outcome. This ROM 

is measured with a validated method using a 3D camera 

system15. The first study with the use of this camera focusses 

on finding a correlation between tumour volume and 

postoperative range of motion of the tongue. The second study 

examines if a large preoperative ROM is an indication for 

postsurgical function preservation. Pre and post-operative 

motion data from this study is also used for the validation of the 

virtual surgery model. With the use of The 3D camera system 

the location of the tongue is determined during the following 

manoeuvres: 

 Elevation 

 Depression 

 Left  

 Right 

 Protrusion 

Inclusion criteria: 

Subjects with an age ranging from 18 to 90 years with a 

squamous cell carcinoma that are scheduled for surgical 

treatment. 

 

Exclusion criteria: 

- Patients that are not able to fill in questionnaires 

- Palliative treatment 

- History of oral or oropharyngeal cancer 

- Radiotherapy on tongue surface 

 

ROM acquisition 

The 3D camera system consist of 3 camera’s fixed in an angle 

of 20 degrees and a distance of 15 cm to each other (Figure 34). 

The cameras are then calibrated using an object consisting of 

27 beads that are arranged on a 3x3x3 orthogonal grid. For the 

information on tongue position a reference point is places on 

the tongue, the tip of the nose, the naison and midline of the 

eyes(Figure 35). 

 

 
Figure 34: Illustration of camera setup used during the ROM 

measurements. 

 

The first step in the offline analysis is the calibration of the 

interdental papilla with the markers on the face. This is because 

the distances will be expressed in the distance between 

tonguetip and interdental papilla. In the frames where maximal 

tongue excursion is achieved all markers and the tonguetip will 

be manually selected for all cameras (Figure 35). Using this 

information the 3D coordinates of these points can be 

calculated.  

 

 
The root mean square error of this 3D of this operation is 0.73 

mm.15 Interrater variability had an interclass correlation(ICC) 

of 0.99 and an intrarater variability of 0.95. The test-retest 

variability was 0.9315.  

 

Questionnaires 

In addition to the ROM measurements also questionnaires 

regarding Quality of life and speech handicap will be filled in. 

The questionnaires are: 

- The Speech Handicap Index52 

- EORTC-H&N 35 quality of life questionnaire will be 

used to measure oral transport issues. 

- A performance status scale for head and neck cancer 

patients.53  

- 2 questionnaires about how patient perceive their own 

speech and voice validated in earlier studies in the 

NKI.54,55 

- The M.D. Anderson Dysphagia Inventory. This is a 

validated 20-point self-administered symptom-

specific outcome instrument for dysphagia in head and 

neck cancer patients56. This is used to assess the 

amount swallowing problems 

 
 

 
 

Figure 35: upper image: Matlab program used to select the 

reference points on the face and tongue. lower images: The same 

image from 3 different camera's. 
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In the first results can be seen that healthy subjects generally 

have symmetrical lateral movement of the tongue. The lateral 

movement in tongue cancer patients significantly differ. The 

other two ongoing studies already show that tumour volume is 

probably a better prognostic factor for postoperative tongue 

range of motion than tumour stage. 

 

Pre and post range of motion measurements are also used as 

input and/ or validation of the biomechanical model. Only the 

Euclidian distances that are measured pre and postoperative 

will be used in the validation of the biomechanical model. Parts 

of the questionnaires that are used in prospective range of 

motion study are also used in the surgeon versus biomechanical 

model in Appendix G. 

 

Appendix G. SURGEON VERSUS BIOMECHANICAL MODEL 

In 2009 A. Kreeft14 showed that there is no absolute consensus 

with regard to functional results for most treatments in oral 

oropharyngeal cancers. This is wat let to the idea of virtual 

therapy. A biomechanical model could help surgeons by 

predicting functional loss. But when would this system be 

beneficial in clinical practice? The answer to that question is 

actually quite simple: The moment when the system is better in 

predicting functional loss than the actual surgeon. 

 

It is expected that it will take some time before we reach this 

point but because of the ongoing studies of van Dijk et al.24 with 

the 3D acquisition of pre and post motion data of patient 

(Appendix F), it is beneficial to act now. 

 

Prospective method 

In the studies of van Dijk et al24 a lot of questionnaires are filled 

in to assess the pre and postoperative quality of life, speech 

issues and other handicaps. In this small study a selection of 

these questions will be asked to the surgeon pre-operative. The 

surgeon is asked to fill in the their prediction for the patients 

answers to these questions six months postoperatively. Some 

questions used in the questionnaires in the study of van Dijk et 

al.24 are entirely subjective and therefore not included in this 

questionary. Both the surgeon that performs the surgery and the 

surgeon that last saw the patient at the outpatient clinic will be 

asked to fill in this questionary. 

 

Retrospective method 

The inclusion of patients of van Dijk et al.24 started in 2014 

while the acquisition of questionnaires from surgeons started at 

the end of 2015. Because of this a lot of patients from the ROM 

study are not included in the prospective method. By using a 

retrospective method these patients could still be included. In 

retrospective research, all MRI images of the patients already 

included in the ROM study will be examined by several 

surgeons. On the basis of preoperative MRI images a prediction 

has to be made for the patients postoperative functional 

outcome. As the MRI images will be anonymised it will be 

unlikely that the surgeon will remember the outcome of this 

patient. 

 

Results & discussion 

At this moment the amount of data that is available from 

patients 6 months postoperatively is too little to say something 

about the prediction of functional outcome by the surgeons. 

Surgeons find it difficult to give a prediction about the 

functional outcome mainly because the surgeon in the 

outpatient clinic is not the same surgeon that preforms the 

surgery. So the surgeon who performs the operation has only 

just seen the patient and the patient is not able to perform any 

test. Because the meeting at the out-patient clinic is usually long 

ago, surgeons are not sure about these predictions either. Also 

because the limited availability of preoperative drawings of the 

surgical resections it is almost impossible to validate the right 

location of surgery in the biomechanical model. The method for 

validating the biomechanical model has to be improved in order 

to compare it with the prediction of the surgeon. Surgical 

drawings have to be made and it would be better to fill in the 

questionary right after a consult on the out-patient clinic. 

Maybe the best option would be to find a way to create the 

virtual surgical resections in a retrospective way by analysing 

MRI images.  

 

Not all questions from the Range of Motion study are used. 

Only selected questions. The used questionnaires are: 

- 3 invalidated questions 

- All questions from the validated NKI studies54,55 

- 4 questions from the MD Anderson QOL questioner.56 

- All questions form the performance status 

assessment.53 

- In addition to the standard questionary there are 2 

questions about the direction of motion impairment of 

the tongue. These are not validated but are expected to 

be a more exact compartment as the primary outcome 

of the biomechanical model will be an impairment of 

motion in a certain direction. 
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Below is the complete questionary used. The questionary is in 

Dutch.  
 
Het antwoord van de patiënt (preoperatief) is ingekleurd. Geef met een kruis 

aan wat u verwacht dat de patiënt postoperatief (6 maanden later) zal invullen. 

 

Situatie na 6 maanden 

Is de stem en spraak zoals het is geweest? Ja Nee 

Heeft de patiënt logopedie nodig? Ja Nee 

Heeft de patiënt een voedingszonde nodig? Ja Nee 

 

 

Spraak 6 maanden na 

operatie Slecht Matig Redelijk Goed 

1 verstaanbaarheid? 1 2 3 4 

2 volume van de stem? 1 2 3 4 

3 klank van de spraak? 1 2 3 4 

4 snelheid van de spraak? 1 2 3 4 

5 verstaanbaarheid over de 

telefoon? 
1 2 3 4 

 

 

Functie 6 maanden na 

operatie 
Helemaal 

niet 

Een 

beetje 
Nogal 

Heel 

Erg 

5 Heeft de patiënt moeite 

met slikken bij drinken? 

1 2 3 4 

6 Heeft de patiënt moeite 
met slikken bij het eten 

van gepureerd voedsel? 

1 2 3 4 

7 Heeft de patiënt moeite 
met het slikken bij het 

eten van vast voedsel?  

1 2 3 4 

14 Heeft de patiënt 
problemen met 

smaakvermogen? 

1 2 3 4 

 

 

Functie 6 

maanden na 

operatie 
Nooit 

Bijna 

nooit 
Soms 

Bijna 

altijd 
Altijd 

15 Moet de patiënt 
moeite doen om te 

spreken 

1 2 3 4 5 

 

Performance Status Assessment, 6 maanden na OK 

Eten in het openbaar 

100 Geen beperkingen qua plaats, soort eten of gezelschap. (uit-eten 

gaan is geen probleem) 

75 Geen beperkingen qua plaats/locatie, maar wel beperkt in het 
soort eten in het openbaar (eet overal, maar past soort eten aan 

naar minder risicovolle gerechten waarbij minder wordt geknoeid 

of een kleine kans op verslikken) 

50 Eet alleen in gezelschap van vertrouwde personen en op een 
select aantal (vertrouwde) plaatsen 

25 Eet alleen thuis in aanwezigheid en in gezelschap van 

vertrouwde mensen 

0 Eet altijd alleen 

 

Verstaanbaarheid van de spraak 

100 Altijd verstaanbaar 

75 In de meeste gevallen verstaanbaar, soms is een herhaling nodig 

50 Normaal gesproken wel verstaanbaar, een-op-een contact is wel 
nodig 

25 Moeilijk te verstaan 

0 Nooit te verstaan, gebruikt soms pen en papier 

 

Beperkingen in het dieet 

100 Volledig dieet, geen restricties 

90 Pinda’s, noten 

80 Al het vlees 

70 Wortels of selderij 

60 Droog brood en crackers 

50 Zacht, makkelijk te kauwen voedsel (zoals: Macaroni, 
(door)gekookte groenten, vis, kleine stukjes vlees, zacht fruit) 

40 Zacht voedsel waarbij niet gekauwd hoeft te worden 

(aardappelpuree, appelmoes, pudding) 

30 Gepureerd voedsel 

20 Warme dranken/vloeistoffen 

10 Koude dranken/vloeistoffen 

0 Sonde voeding 

 

 

 

 
 

Positie van de punt van de tong in rust, 6 maanden na OK  

( combinaties mogelijk, kruis aan wat van toepassing is) 

 

o Geen 

o naar boven 

o naar onderen 

o Naar links 

o Naar rechts 

o Naar achteren 

 
 

Richting bewegingsbeperking punt van de tong , 6 maanden na OK 

( combinaties mogelijk, kruis aan wat van toepassing is) 

 

o Geen 

o naar boven 

o naar onderen 
o Naar links 

o Naar rechts 

o Naar achteren 
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