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Chapter 1

Loss of oral function is one of the key concerns when treating oral and  
oropharyngeal cancer. Treatment can lead to function losses with unacceptable 
damage to swallowing, mastication, and speech. But what is unacceptable? In 
2011, Kreeft et al. conducted an international global survey among treating 
physicians to examine whether international consensus exists regarding 
functional inoperability, resulting in the withholding of treatment due to 
expected functional loss[1]. This might help to develop guidelines for choosing 
between surgery or organ-sparing treatment options. The authors discovered 
considerable variability in defining functional inoperability among head and 
neck surgeons and radiotherapists worldwide. Half of all surgeons judged a total 
glossectomy or mandibulectomy to be functionally inoperable, whereas for other 
procedures there was at most a weak consensus. A high percentage of agreement 
was only seen in the case of a total glossectomy in combination with a supraglottic 
laryngectomy, which was judged as functionally inoperable in 85% of the  
surveyed physicians.

The findings of this research by Kreeft et al. [1–3] served as the basis for a new 
research study called ‘The Virtual Therapy Project’ to objectify expected function 
loss. This project focuses on the development of virtual models of the oral cavity 
and oropharynx to predict expected function loss after treatment.

Ten years after the publication of Kreeft et al.’s work, this current thesis constitutes 
the fourth thesis in a row that deals with the topic of virtual therapy and is built on 
the research as described in the theses and peer-reviewed publications by Anne 
Marijn Kreeft, Maarten van Alphen, Merijn Eskes [4–6], and 36 students of whom 
8 were graduating students.

This thesis will focus on one of the most important, complex, and fascinating 
organs in the oral cavity: the tongue. The tongue plays a pivotal role in vital 
functions like swallowing, mastication, and speech. Advanced tongue cancer in 
combination with the sequelae after treatment is a disruptive event, and can have 
a major impact on the quality of life.

This introductory chapter will address several biological aspects of tongue cancer 
and biomechanical modeling of the tongue. The aim and outline of the thesis are 
formulated at the end of this chapter.
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1.1 ANATOMY

The head and neck region consists of the following five anatomical mucosal 
subsites: the oral cavity, pharynx (including the nasopharynx, oropharynx, and 
hypopharynx), larynx, and nasal cavity (Figure 1.1). The major salivary glands, 
neck, face, and scalp also belong to this anatomical region. The mobile (anterior 
2/3) tongue is located in the oral cavity and is seamlessly connected to the floor 
of the mouth. Other structures in the oral cavity include the lips, buccal mucosa, 
cheek mucosa, gingiva, retromolar trigone, teeth, hard palate, and vallate 
papillae (Figure 1.2a) [7]. The base (posterior 1/3) of the tongue extends into the 
oropharynx, which also houses the tonsils, vallecula, the posterior pharyngeal 
wall, the soft palate, and uvula [3,7].

Figure 1.1 - Overview of head and neck regions, subdivided by color in the midsagittal plane. Adapted 
from Patrick J. Lynch, medical illustrator / CC BY (https://creativecommons.org/licenses/by/2.5)

1
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Figure 1.2 - Anatomy of the Oral cavity, frontal view (A) and extrinsic muscles, side view (B). OpenStax 
/ CC BY (https://creativecommons.org/licenses/by/3.0)

The tongue is a muscular hydrostat, meaning that the tongue has no skeletal 
support and instead relies on the incompressibility of water at physiological 
pressures to change its shape [8]. It is enveloped in mucosa which are supplied by 
multiple sensory nerves: the lingual nerve for sensation, the chorda tympani for 
taste in the anterior two-thirds of the tongue, and the glossopharyngeal nerve for 
both taste and sensation in the rest of the tongue [9]. The tongue consists of four 
intrinsic and four extrinsic muscles (Table 1.1). The extrinsic muscles connect the 
tongue to external structures, while the interdigitating intrinsic muscles mainly 
contribute to the shape of the tongue. The intrinsic muscles include the transverse 
muscle, vertical muscle, superior, and inferior longitudinal muscle. These muscles 
are mainly responsible for large internal deformations of the tongue (Figure 1.3). 
The extrinsic muscles are the genioglossus arising from the mandible (jaw), the 
styloglossus from the styloid process of the temporal bone, the palatoglossus from 
the palatine aponeurosis, and the hyoglossus from the hyoid bone (Figure 1.2b) 
[10]. Other muscles attached to, but not part of the tongue, are the digastricus, 
mylohyoid, and geniohyoid muscle [10]. These muscles are also taken into account 
when analyzing the motion of the tongue in biomechanical modeling (paragraph 0).

Figure 1.3 - Coronal view of the intrinsic muscles. Henry Gray (1918) Anatomy of the Human Body.
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While the shape and size of the tongue vary significantly among individuals, 
the muscular arrangement in humans seems to follow a strict pattern [11,12]. 
In contrast, innervation displays a different pattern. The hypoglossal nerve 
(XII) is a motor nerve that innervates all muscles of the tongue, except for the 
palatoglossus, which is innervated by a motoric branch of the vagal nerve. The left 
and right XII enter the tongue ventrolaterally to the posterior part of the tongue 
[11]. The first muscle it innervates is the hyoglossus, after which it is divided into 
the a lateral (l-XII) and medial (m-Xll) branches to innervate other tongue muscles. 
The l-XII has two different types of possible topologies: single branching (40%) and 
multiple branching (60%) [11]. However, previous research by our group showed 
that specific global branching topology is not limited to characteristic muscle 
activity [13]. Even in a single patient, both sides of the tongue can have different 
distal branching topologies, resulting in different muscle activations on a micro-
level [13]. It is assumed that topology influences functional outcome after surgery.

Table 1.1 - Muscles of the tongue and their type, abbreviation, and actions [14].

Muscle 
type

Muscle name abbreviation Action

In
trin

sic

Superior longitudinal SL Broadens, retracts, elevates apex

Inferior longitudinal IL Broadens, retracts, lowers apex

Transverse muscle TRA Elongates, narrows

Vertical Muscle VER Elongates, broadens
E

xtrin
sic

Genioglossus GG Depresses, protrudes, deviates 
contralaterally

Hyoglossus HG Depresses, retracts

Styloglossus STY Elevates lateral, retracts

Palatoglossus PG Elevates Root, constricts the isthmus

E
xtern

al

Digastricus DG Elevates hyoid bone, depresses the mandible

Mylohyoid MH Elevates hyoid bone and tongue.

Geniohyoid GH Elevates and protrudes hyoid bone

1.2 EPIDEMIOLOGY

In the international epidemiological literature describing the global incidence 
of oral cancer, oral and oropharyngeal cancer are often grouped together. 
Worldwide, oral and oropharyngeal cancer account for an estimated 447,751 
new cases a year, resulting in 228.389 deaths in 2015 [15–17]. They represent 
the 8th most common cancers in the world, constituting 2.5% of all cancer cases.

1
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Roughly 80% of this combined group of oral and oropharyngeal cancers is made 
up of oral cancers. The Age-Standardized Rates of this cancer are 5.8 in men and 
2.3 in women per 100,000 people worldwide, but these figures differ significantly 
among regions and age groups.

The majority of oral cancers occur in low-income countries, concentrated in South 
Asia [15–17]. In Europe, high incidence rates of 9 and 10 per 100,000 are found in 
Central and Eastern Europe, however, two southern European countries, France 
and Portugal, rank at the top the list [18]. In the Netherlands, the estimated 
incidence rate of oral cavity cancer was 4.9 per 100,000 in 2019, with a 5-year 
survival rate of 61%, which has not substantially increased in the past 50 years 
(Figure 1.4). Of all oral cavity cancers, 39% are tongue cancer [19].

Figure 1.4 - The 5-year survival rate of tongue cancer in the Netherlands for different periods of 10 

years, starting in 1971 [19].

In Europe, alcohol abuse and smoking are the main risk factors for oral cancer, 
and these also have a synergetic effect [20]. Other risk factors include smokeless 
tobacco use and betel quid chewing (common across India and other parts of Asia), 
psoriasis, and conditions associated with immune deficiency or dysregulation 
[21–23]. Head and neck cancers, in general, appear to be more common when a 
first-degree relative had the same type of cancer [24]. A genetic component is 
also therefore likely. In patients suffering from Fanconi anemia, a rare, hereditary 
disease, the chances of developing oral cancer are increased 500-fold [25]. For the 
majority of oral cancer cases, however, a genetic basis has not yet been found  [26,27].

Squamous cell carcinoma can also have a viral origin. The incidence of Human 
papillomavirus (HPV) induced squamous cell carcinoma (SCC) (which is also 
responsible for cervical cancer) has increased significantly in the past decade. 
This is mainly due to the increase in HPV-induced oropharyngeal cancer, which 
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is responsible for 70% of the cases, and this number is still on the rise, mainly in 
middle-aged men [28–32]. While SCC in the oral cavity can also be induced by 
HPV, the incidence remained the same or has even declined in the last decade 
[30,33,34]. HPV-induced SCC of the oropharynx has a better survival outcome 
than non-HPV induced SCC, less chance of recurrent disease, and responds better 
to radiotherapy [35–37]. HPV-induced oral cancer is not associated, however, 
with a better survival outcome [38].

1.3 DIAGNOSIS AND TREATMENT

Clinical presentation
90% of all oral cancers are squamous cell carcinomas (SCC) [39]. The vast majority 
of these cancers are located in the tongue, mainly arising at the lateral border [40]. 
Symptoms include pain, nonhealing ulcers, dysphagia, and odynophagia. Tongue 
cancer may present with dysarthria and swallowing problems in advanced cases. 
Between 0.13% and 34.0% of cases arise from dysplastic premalignant mucosal 
lesions like leukoplakia or erythroplakia [41,42]. Leukoplastic and ulcerated areas 
usually also result in a loss of mucosal elasticity [43].

Staging
The Tumor, Node, Metastases (TNM) staging system was developed by the 
International Union for International Cancer Control (UICC) to classify 
malignancies (Table 1.2) [44,45]. Staging is a standardized clinical framework used 
by clinicians and researchers to choose treatment options, classify clinical and 
scientific research, and measure outcomes aimed at improving cancer control. The 
“T” represents the primary tumor status; “N” represents the status of the regional 
lymph nodes; and “M” indicates the presence or absence of metastatic disease.

The current 8th edition of TNM also includes maximum invasion depth in addition 
to tumor size in a single plane to determine the T-status of tongue cancer [46]. A 
separate classification is also added to demarcate HPV-positive tumors occurring 
mainly in the oropharynx. Prognostic stage groupings and survival rates can be 
derived from the respective TNM stages and are shown in Table 1.3 [47].

1
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Table 1.2 - TNM stages and their definitions

TNM stage

T1 Tumor ≤2 cm with depth of invasion (DOI)* ≤5 mm

T2 Tumor ≤2 cm, with DOI* >5 mm and ≤10 mm; or
Tumor >2 cm and ≤4 cm, with DOI* ≤10 mm

T3 Tumor >2 cm and ≤4 cm with DOI* >10 mm; or
Tumor >4 cm with DOI* ≤10 mm

T4a Tumor >4 cm with DOI* >10 mm; or
Tumor invades adjacent structures only

T4b Tumor invades masticator space

cN1* Metastasis in a single ipsilateral lymph node, 3 cm or smaller

cN2a Metastasis in a single ipsilateral node larger than 3 cm but not larger than 6 cm in 
greatest dimension

cN2b Metastases in multiple ipsilateral lymph nodes, none larger than 6 cm in greatest 
dimension and/or

cN2c In bilateral or contralateral lymph nodes, none larger than 6 cm in greatest dimension

cN3a Metastasis in a lymph node larger than 6 cm in greatest dimension

cN3b Metastasis in any node(s) and clinically overt

M0 / M1 (no) distance metastasis

* Simplified version: within TNM the N stages are different for clinical N-stage (cN) and pathological 
N-stage (pN) [46].

Table 1.3 - Prognostic stage, corresponding TNM stage, and baseline 5-year survival of oral cavity 
cancer [47].

Prognostic stage T stage N stage M stage Baseline 5-year survival

Stage 0 Tis N0 M0 100%

Stage I T1 N0 M0 95%

Stage II T2 N0 M0 90%

Stage III T3 N0 M0 89%

T1 N1 M0 93%

T2 N1 M0 87%

T3 N1 M0 85%

Stage IVA T4a N0 M0 85%

T4a N1 M0 81%

T1 N2 M0 91%

T2 N2 M0 83%

T3 N2 M0 81%

T4a N2 M0 75%

Stage IVB Any T N3 M0 69% - 88%

T4b Any N M0 69% - 88%

Stage IVC Any T Any N M1 9% - 44 %
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Treatment
Following the Clinical Practice guidelines in Oncology by the National 
Comprehensive Cancer Network (NCCN) , the preferred treatment of T1 and 
T2 tumors of the mobile tongue is surgery, followed by re-excision or adjuvant 
radiotherapy in case of incomplete resection [48]. Superficially growing T1 and 
T2 lesions can also be treated by Photodynamic therapy (PDT) [49]. Defects after 
removal of T1 and T2 lesions are often closed primarily, whereas defects after 
removal of T3 and T4 lesions are reconstructed using revascularized free flaps. 
The fasciocutaneous radial forearm flap, known for its pliability, is often used in 
such cases. Advanced T3 and T4 lesions, which are considered to be functionally 
inoperable, can be treated with organ sparing concurrent chemoradiation [48,50].

Immunotherapy has revolutionized the treatment of multiple cancers and is now 
also being used in head and neck squamous cell carcinomas (HNSCC) [51]. As 
compared to other systemic cancer therapies, immunotherapy has the distinct 
advantage in that its effects can be long-lasting, prolonging life for more than 5 
years in some cases of non-small cell lung cancer [52]. While it proved to be an 
immense success in some of patients, the vast majority (80%) of HNSCC do not 
respond to combinations of immunotherapy that have recently been evaluated 
[51]. New combinations of immunotherapy and finding biomarkers for patient 
selection have the potential to improve these numbers [51,53]. Immunotherapy 
has the potential to treat cancer without surgical intervention, but until then, 
surgery remains the first line treatment.

1.4 FUNCTIONAL CONSEQUENCES

The tongue is a crucial organ for everyday life, as it contributes significantly to 
eating ability and speech quality. Impaired function after treatment of tongue 
cancer negatively affects quality of life (QOL) [54,55]. The size and location of the 
tumor determine the grade of function loss after treatment [56–60].

Problems with swallowing and mastication can lead to malnutrition, depression, loss 
of employment, and in combination with speech defects also lead to social isolation 
[22,61,62]. As many as 52% of patients treated for head and neck tumors are unable 
to work after treatment, often leading to more psychosocial problems [63–65].

All functions of the tongue rely on complex combined actions of muscles actuated 
by nerves and require years of training, mainly in the first years after birth [66]. 
The removal of tissue and muscles after a surgical intervention changes the 
way the muscles need to be controlled to create specific tongue shaping. This 
neuromuscular fine-tuning explains in part the serious impact of surgery and/or 
chemoradiation on tongue function. Although large defects can be reconstructed 

1
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by free revascularized tissue flaps, achieving restoration of function in these 
transplants remains extremely difficult [67].

Surgically induced neural damage can have multiple effects on postoperative 
function [62]. However, due to the versatility of the tongue in combination with 
bilateral innervation by the hypoglossal nerves, a high degree of compensation 
can be achieved. Function loss by unilateral damage of the hypoglossal nerve 
can be compensated, for instance, by innervation from the contralateral nerve 
[68,69]. Dysarthria after partial glossectomy is mainly determined by the extent 
of surgery or radiation-induced fibrosis and predominantly affects contralateral 
movements [70,71]. Damage to the sensory nerves leads to the inability to sense 
and taste, often without significant effects on oral proprioception [72].

The mobile tongue, in particular the genioglossus, hyoglossus, and geniohyoid 
muscle compartments, are important for speech and swallowing, whereas the 
base of the tongue is more involved in swallowing [4,73]. Speech intelligibility 
and swallowing activity, however, are also dependent on the intactness of the 
other mucosal linings of the upper aerodigestive tract [59,74]. Apart from tongue 
defects, surgical defects of the hard and soft palate may also have a significant 
impact on the intelligibility and swallowing.

After treatment, speech intelligibility may not be seriously affected in an objective 
evaluation based on intelligibility measurements e.g. by a speech pathologist. 
Social perception of a speaker’s voice, however, is quite sensitive and is often 
negatively impacted even with minor impairments [75]. This means that even 
without serious, objectively measured functional consequences, the psychological 
consequences for the patient may still be significant. Organ-sparing alternatives 
for advanced tongue cancer, such as chemoradiation, are not necessarily better 
in terms of functional outcomes [76–78]. Radiation-induced fibrosis, xerostomia, 
mucositis, and necrosis can have negative effects on swallowing and to a lesser 
extent on speech. Choosing between two curative treatment options poses a 
dilemma for the treating physician.

The choice is less difficult, however, in the case of anatomical inoperability. In this 
situation, the patient would not be able to survive the treatment. This is seen, for 
example, when a tumor invades the base of the skull or when sacrificing the internal 
carotid artery is unavoidable for complete resection of the tumor in combination 
with a high risk of developing hemiplegia due to this procedure. More difficult 
decisions are encountered when resection of a tongue carcinoma would lead to 
an expected yet unacceptable functional loss of speech and swallowing. These 
cases are deemed to be functionally inoperable [4]. While the patient’s opinion is 
very important in this process, the decision that they arrive at will also be highly 
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influenced by information from the physician. However, as seen in Kreeft et al. [4], 
functional loss is indeed quite difficult to determine, as it is highly subjective and 
variable among patients. The survey conducted in one of Kreeft’s [4] publications 
showed that half of surgeons judged a total glossectomy or mandibulectomy as 
functionally inoperable, whereas for other procedures there was at best a weak 
consensus, with the exception of glossectomy in combination with a supraglottic 
laryngectomy.

1.5 THE DIGITAL TWIN

In response to this lack of an objective way to predict function loss, the Virtual 
Therapy group was established in 2010. This project aims to provide reliable 
tools to base treatment plans on standardized, objective, and accurate data. The 
availability of this data during a multidisciplinary meeting could help achieve 
consensus among physicians by weighing objectively determined functional loss. 
Based on this information, patient counseling could be improved: showing the 
expected effects of different treatment options would help the patient in their 
own decision-making. These discussions, based on objectively determined data, 
would also help manage expectations for both the clinician and the patient.

A regular workflow for a patient with tongue cancer starts with the consult 
(Figure 1.5) during which the patient is clinically examined and additional imaging 
is performed. The examinations are then discussed in the multidisciplinary 
meeting to determine the definitive staging and to formulate the treatment 
plan. A decision is made about either the anatomical inoperability or functional 
inoperability. Following the determinations made by the multidisciplinary board, 
the patient will be informed about the proposed treatment or treatments by the 
treating physician as well as the expected functional loss of the procedure(s). In 
this workflow, no patient-specific data is used actually to assess the expected 
functional loss, as the information is based on standardized data. As discussed 
previously, the effects of a certain treatment can indeed differ from person to 
person, and this must be kept in mind.

The Virtual Therapy project aims to assist with personalized visual predictions 
of the expected post-treatment function of the upper aerodigestive tract using a 
“Digital Twin model”. Using interactive audio and visual modelling, this prediction 
model depicts post-treatment mastication, swallowing, and speech based on the 
simulated treatment. It enables the physician to simulate various treatments, 
but also different techniques for performing a treatment. In the case of surgery, 
the functional consequences of primary suturing or free flap reconstruction 
can be modelled. In the case of chemoradiation, the radiation fields can be 
implemented to show the functional effects of fibrosis. These visualizations 

1
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will ideally contain simulations of swallowing using simulated food of different 
consistencies. Movements of the tongue needed for mastication can be depicted, 
and postoperative speech can be synthesized and made audible.

Such a system can help guide a multidisciplinary board to objectively judge the 
functional loss in complex clinical cases and subsequently assist the patient in 
coming to his or her choice regarding treatment (Figure 1.5). Even in cases where 
the tumor is functionally inoperable, it could still assist in managing expectations 
for the patient.

Treatment planning might need to be adapted due to unexpected outcomes, 
complications, or new insights. Accordingly, this Digital Twin is meant to be 
updated with every step of the clinical workflow. This helps not only to manage 
patient expectations, but also to provide physicians with information on the 
effects of certain treatment decisions in hindsight. Maintaining this data in a 
central data structure creates a rich database from which new clinical information 
about functional sequelae can be obtained.

The model can also play a role after treatment. As a result of both the disease 
progression and the accompanying treatment, the anatomy of the organ changes. 
To regain (part of) the original function, exercises under the supervision of a 
speech therapist are often needed. During these training sessions, it is often hard 
to predict which exercises will prove beneficial for the individual patient. This 
is because postoperative function is highly individual, depending largely on the 
remaining muscles, the developed fibrosis, and the innervation. While muscles 
are definitively removed, nerves can partly regenerate and remap over time, and 
the effect of (radiation-induced) fibrosis can sometimes be reduced by exercise 
[79,80]. The Digital Twin can simulate the compensatory movements that are still 
possible using the remaining muscle structures. A mismatch between the model 
and the patient shows the therapist that there is still function to be gained by 
exercise and which muscles could compensate for the loss of others.
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Figure 1.5 - A flowchart showing the current clinical workflow and the proposed parallel workflow 
using the Digital Twin. (Design: F. vd Heijden Ph.D., 2010)

The model can also play a role after treatment. As a result of both the disease 
progression and the accompanying treatment, the anatomy of the organ changes. 
To regain (part of) the original function, exercises under the supervision of a 
speech therapist are often needed. During these training sessions, it is often hard 
to predict which exercises will prove beneficial for the individual patient. This 
is because postoperative function is highly individual, depending largely on the 
remaining muscles, the developed fibrosis, and the innervation. While muscles 
are definitively removed, nerves can partly regenerate and remap over time, and 
the effect of (radiation-induced) fibrosis can sometimes be reduced by exercise 
[79,80]. The Digital Twin can simulate the compensatory movements that are still 
possible using the remaining muscle structures. A mismatch between the model 
and the patient shows the therapist that there is still function to be gained by 
exercise and which muscles could compensate for the loss of others.

1
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The head and neck region is a complex organ system where the risk of vital 
functional loss after cancer treatment is high. The same methodology is 
likely to work in less complex, but still risky interventions such as plastic and 
reconstructive surgery. When the Digital Twin is complete, it is expected that 
the methodology will be applied to other interventions that could benefit from 
treatment simulation.

The chapters of this thesis detail part of the creation of the Digital Twin and 
provide ground for the further development of the digital model. The oral cavity, 
and in particular the tongue, is without any doubt, the most complex part of the 
Digital Twin. This thesis will, therefore, focus primarily on the tongue.

1.6 MEASURING TONGUE FUNCTION

In recent years, head and neck cancer research has increasingly focused on 
evaluating remaining function or the regaining of function. A large part of this 
research is based on subjective measurements using quality-of-life questionnaires. 
The European Organization for research and treatment of cancer (EORTC) 
QLQ-C30, specifically the head and neck module (H&N35), is the questionnaire 
most used [81,82]. Other frequently used questionnaires include The University 
of Washington QOL Questionnaire (UWQOL) [83], the functional assessment of 
cancer therapy – head and neck module (FACT-HN40) [84], and the University 
of Michigan Head and Neck QOL Questionnaire [85]. Among these, many other 
validated questionnaires are used to assess the physical, psychological, and 
socioeconomic effects of oral cancer and specific treatments.

While most questionnaires are good at converting a subjective entity into 
something measurable, they do not measure objective individual function 
loss. Several methods can be used to assess objective swallowing, mastication, 
and speech function. In a clinical setting, swallowing is usually measured by 
videofluoroscopy or endoscopy, and the quality of mastication is usually assessed 
by measuring the degree of breakdown of chewed food [86]. Speech is generally 
measured using perceptual analysis by a speech pathologist or specialized 
software [86]. While these methods are relatively easy and quick ways to score 
the function of an individual, they do not provide detailed information about the 
underlying tongue movement.

Speech, swallowing and mastication are a result of complex brain, nerve, and 
muscle interactions in which the tongue shape and mobility are very important. 
A measure for measuring the mobility of the tongue is the Range of Motion 
(ROM). Several techniques can be used to measure the ROM and the deformation 
of the tongue during certain tasks. In the literature, the ROM of the tongue is 
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often measured by a simple ruler or commercial products such as the TheraBite 
measuring disc [87], sometimes using only a 3-point scale [57,88,89]. To measure 
deformation, conventional imaging modalities such as videofluoroscopy and 
ultrasound can also be used to track the dorsal surface of the tongue [90]. Tagged 
cine MRI can also be used to track the position of internal points of the tongue 
to measure tongue deformation [91]. These modalities, however, are often only 
able to measure in 2D, which make them suitable for certain types of speech 
research, but lack the 3rd dimension to capture every detail of tongue movement. 
In addition, videofluoroscopy exposes the patient to radiation [92,93].

Electromagnetic articulography is often used to measure tongue movement and 
deformation in 3D and has the benefit that a line of sight with the sensors is not 
needed, so that the tongue can be tracked with the mouth closed [94,95]. It uses 
electromagnetic induction to measure the position and movement of different 
sensor coils placed in the mouth. However, the markers require a minimum 
distance from each other and can also interfere with speech production and other 
tongue functions. Beyond these issues, the markers are often difficult to attach 
and the device difficult to operate. Therefore, caution and experience are needed 
to obtain reliable measurements [94,96].

A very promising technique is dynamic MRI, which has already been utilized to 
create 2D videos of the tongue in motion [97]. 3D dynamic MRI is currently in 
its infancy, but once it becomes more accessible it could prove to be the most 
promising technique for measuring tongue function [98].

Another objective technique to measure 3D motion is optical tracking. Using a 3D 
camera, tongue motion can be tracked while performing tongue movements. After 
the ruler, this is one of the most convenient and quick measurements for both 
patient and observer. However, optical tracking has one intrinsic flaw: it needs 
a line of view with the object that is tracked. For the tongue, this is complicated 
since the tongue is usually inside the mouth. Tracking the maximum ROM of the 
tongue this method, though, appeared to be reliable, non-invasive, and quick, as 
demonstrated in Van Dijk et al. [71], who created a 3-camera system to track the 
position of the tongue in 3D. In Chapter 4, we will present an improved version of 
the method using the same camera system.

Most measurement systems measure the output of the tongue caused by 
combined muscle interactions. Theoretically, sEMG enables measurements at 
the source: the muscle innervation. EMG measures the algebraic summation of 
motor unit action potentials and can assess the intracellular action potentials 
with relative ease. This was used in the Virtual Therapy project to predict the 
movement of the lips [99]. The challenge here is the mounting of the electrodes 
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since the oral cavity is a wet environment and the sensors need to move with the 
tongue and remain in contact. A second challenge is to make these sensors as 
small as possible while still increasing the resolution. Few studies have succeeded 
in creating EMGs of the genioglossus [100–102]. Within the Virtual Therapy 
group, an EMG grid approach was attempted, but difficulties arose in trying to get 
a proper fixation while also incorporating enough electrodes [103].

1.7 PREDICTING FUNCTION

Because of the complexity of the tongue, a statistical prediction based on the T 
stage, size, or location is not enough to make a precise prediction on the functional 
outcome of the individual. Also, the number of patients with comparable types 
of tongue cancer (same location, same size) is limited, and therefore more 
parameters are hard to incorporate in statistical models.

To solve this problem, the Virtual Therapy project uses Finite Element (FE) 
simulations to predict postoperative function. The FE method is a numerical 
method that solves partial differential equations with boundary value constraints. 
To solve a complex mechanical problem, the object of interest (or domain) is 
subdivided into a finite number of simple parts: the so-called elements. The 
problem – whether this is a heat transfer problem, a flow problem, or a structural 
analysis problem – is much easier to solve for the smaller elements than for 
the domain as a whole. A set of scientific papers from the 1940s laid out the 
theoretical basis for FE modeling as we know it today [104,105] and the name 
“Finite Element Method” was coined by Ray W. Clough [106] in a 1960 article. 
While the method has been around some time, it only gained real attention when 
computers became significantly faster some two or three decades ago [107]. 
Since then, and with growing computing speed and power, the method has also 
begun to gain more traction in the medical field.

Another real change was observed when more commercial software became 
more widely available for the industry, boosting the use of FEM [107]. One of 
the open-source FEM solutions, ArtiSynth, is used extensively in Chapters 2, 5, 
and 6. Artisynth is an interactive biomechanical modeling toolkit that combines 
multibody and FE simulation [108]. An introduction to the working mechanisms 
of this software is described in Appendix A.

Biomechanical models of the tongue
While FE modeling has not been yet introduced on a wide scale in medical research, 
it can be implemented in numerous applications and solutions, e.g. to calculate 
the structural integrity or weak points of bones and implants in orthopedics 
[109,110]. It can simulate fluid dynamics and wall stiffness of vessels and arteries, 
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or it can guide targeted ablation in case of persistent atrial fibrillation [111,112]. 
But it can also be used to simulate the motion of the tongue as a result of muscle 
contraction, opening the path towards the simulation of complex movements like 
speech, mastication, and swallowing [113–116].

While the idea of biomechanical modelling sounds futuristic and high tech, it 
might come as a surprise that the first biomechanical models of the tongue date 
back half a century ago. While biomechanical models of the tongue have existed 
for quite some time in various forms, to our knowledge Joseph Perkell was the 
first to truly describe a physically oriented model, in 1974 [117] (Figure 1.6). 
His new methodological approach provided the basis of considerable amount 
of subsequent research on the relationship between phonetic models and the 
mechanical properties of the tongue and other parts of the orofacial motor 
system [117–119].

Figure 1.6 The first description physically oriented model in the thesis of Joseph Perkell [117]. Ob-
tained with permission from the Massachusetts Institute of Technology.

In the 25 years that followed, various models that attempted to challenge the 
complexity of rendering realistic deformation in speech production and other 
functions of the tongue [120–124] were created. In most of these works, the 
FE method was adopted to simulate deformation in 2D. Following the trend 
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of increased computing power, twenty-first century models became more 
sophisticated and complex, and transitioned from 2D FEM to 3D FEM modeling.

In 2005, Gérard et al. [125] elaborated on the work of Wilhelms-Tricarico [126] by 
creating an FE model based on MRI data and information about muscle anatomy 
from the Visible Human Project [127]. In turn, Vogt et al. [128] and Buchaillard 
et al. [114,129] further built upon on this model by exploring the simulation of 
speech as well as surgery [114,128,129]. Based on the manual segmentation 
of MRI and CT images and the work of Rohan et al. [130], Hermant et al. [131] 
adapted and improved the model that has been evolving since 2000. Also within 
our research group, Van Alphen et al. [113] created a FE model to show the effects 
of impairments on the movement of the tongue.

As for simulating surgery in biomechanical models, the attempts are fairly limited. 
Both Buchaillard et al. [129] and Fujita et al. [132] created tongue models, of a 
specific subject, specifically for the simulation of a partial glossectomy. Both 
studies explored the effects of surgery using a free-flap approach, by stiffening 
parts of the tongue model.

In most stage T1-T2 tumors, primary closure is the most common surgical 
technique, and this cannot be simulated realistically by just stiffening parts of the 
model. In Chapters 3 and 6, we go into greater detail on this problem and propose 
a method to simulate surgery using primary closure.

Personalization of biomechanical models
Personalization of a biomechanical model might sound straightforward, but is 
it? Every human is different, and so is every tongue. The position relative to the 
oral cavity, volume, force, length, and width are all measurable aspects of tongue 
anatomy. Muscle anatomy, stiffness, innervation patterns, motor units, and 
even muscle mapping in the motor cortex are factors that also influence tongue 
function. Many of the models discussed in the previous paragraph are partially 
‘personalized’ in the sense that they are only based on the segmented shape from 
an MRI of a particular subject. These models are built for one subject, and so 
analyzing another subject would require a new model. If we want to introduce 
a DDigital Twin model in clinical practice that can predict expected functional 
consequences, the process of personalization needs to be more comprehensive 
yet also quick and not dependent on intensive input from the clinician. The main 
goal of automated personalization is to create a method that includes all these 
necessary aspects and is robust enough to create a truly personalized model with 
only limited input required from the clinician.
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To personalize the muscular structure of a tongue model, obtaining patient data 
from imaging modalities is key. To create a 3D model of the tongue, segmenting 
MRI images is currently the most straightforward approach. Various techniques 
have been proposed to morph generic FE models based on the segmentation of 
MRI images [133,134]. The morphing of generic FE models was, for example, 
used to personalize skeletal muscles [135,136] and faces of 60 individual subjects 
[137]. Binary masks or segmented data from MRI can also be used to calculate 
displacement fields applicable to a generic FE model [138,139]. The previously 
mentioned papers use a fully defined FE model from which elements will be 
morphed towards individual imaging data. Another way to morph is to start with 
the imaging data and automatically generate the FE model to match the shape 
of the segmented image. These techniques often embed a mesh and muscle 
structure into a coarse FE structure [140,141]. However, these techniques do not 
take into account the internal muscle structures of the tongue.

Diffusion-weighted MRI is a technique that can be used not only to personalize 
the outer shape of the tongue, but also the muscle bundles. This is a technique 
best known for visualizing the nerve tracts or white brain matter. Diffusion-
sensitizing gradients can be used to encode diffusion information from MR 
images in certain directions. Because water diffuses mainly along the direction 
of muscle fibers, the diffusion tensor enables the reconstruction of the fiber and 
its orientation [142]. In diffusion-tensor imaging (DTI) these orientations are 
described as tensors from which the first ‘eigenvector’ corresponds with the 
direction of the muscle fiber. Using a technique called tractography, the vectors 
of individual voxels are connected via streamlines to create 3D reconstructions of 
the muscle fibers (Figure 1.7). DTI is a reliable technique that is often mentioned 
as the next step in tongue model personalization [5,143,144] and can be used as 
input for biomechanical models [145].

1
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Figure 1.7 - Colored tracks visualizing the direction of muscle fibers acquired using a DTI MRI scan. 
Courtesy: L. Voskuilen MSc.

DTI has been used to visualize the tongue musculature in-vivo. However, it is 
constrained by the fact that it can only detect one muscle fiber per voxel [146]. 
This constraint was also apparent in studies that performed DTI following a 
partial glossectomy [147,148]. As mentioned in Chapter 1.1, the tongue consists 
of many interdigitated fibers that cannot be visualized using DTI. Higher-order 
models, such as Constrained Spherical Deconvolution (CSD) can resolve these 
crossing fibers [149]. Voskuilen et al. [150,151] applied this technique for the in-
vivo human tongue and successfully visualized crossing fibers, confirming findings 
from anatomical studies. Chapter 6 will go deeper into the first biomechanical 
models that use CSD as a means of personalization.

Tissue properties
To simulate the deformation of a material, a description is needed of how the 
material reacts when it endures forces. In continuum mechanics, this relation 
between stress and strain is described by a so-called constitutive equation. In 
biological tissue, these quantities are usually stress and deformation. The 
constitutive equation is typically a phenomenological model that depends on 
unknown constants that should be identified by conducting experiments on a 
tissue. When, for example, stretching a uniform bar with a cross-section area of 
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, it will first deform elastically (Figure 
1.8 between A and B). After the elastic limit C, plastic deformation occurs followed 
by the breaking point D [152].

Figure 1.8 - Description of a typical relation between force 
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 of a bar. A is zero, B is the proportional limit, C is the 
elastic limit, and D is the breaking point.

For now, we are only interested in the elastic (linear) part (A-B). This can be 
explained by Hooke’s law [152]:
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 is the strain, i.e. relative displacement. 
Such a linear relation is too restrictive for most biological tissues that display 
nonlinear behavior. As the tongue consists of materials that can show nonlinear, 
time-dependent, inhomogeneous, and anisotropic behavior, it is better described 
in theoretical terms with a non-linear anisotropic viscoelastic model [153].

Due to the complexity of such models, however, many models published in the last 
decade, including the models in Chapters 1, 5, and 6, describe tongue tissue using 
a hyperelastic model [114,116,122,125,154–156]. Hyperelastic materials are 
usually used to describe rubber-like materials that exhibit non-linear elasticity 
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Chapter 1

and are incompressible and isotropic. Different hyperelastic models can be used 
to describe the behavior of tissue in the form of a strain energy density function 
(Table 1.4). This strain-energy density is the potential energy per volume element 
that is stored when the material undergoes a local deformation. 

In case of the example above, the strain energy density would be 

cross-section area of 𝐴𝐴 and length 𝐿𝐿! by 𝛥𝛥𝐿𝐿, with uniaxial force 𝐹𝐹, it will first deform  
 

 
𝐹𝐹	 = 	𝑘𝑘	𝛥𝛥𝐿𝐿 𝐸𝐸𝐸𝐸	1.1 

𝑘𝑘 is defined as: 

𝑘𝑘 =
𝐸𝐸	𝐴𝐴
𝐿𝐿!

	 𝐸𝐸𝐸𝐸	1.2 

Here 𝐸𝐸 is the elastic or Young’s modulus and it defines the relationship between stress and 
strain in a material: 

𝐸𝐸 = 	
𝜎𝜎
𝜀𝜀
	 𝐸𝐸𝐸𝐸	1.3 

 𝜎𝜎  
 
𝜀𝜀 i 
 
𝑊𝑊 = !

"𝜀𝜀𝜎𝜎 = 	
!
"𝐸𝐸𝜀𝜀

".  
 
𝑊𝑊  
 
𝜖𝜖  
 
𝐸𝐸. 
 
 𝐼𝐼#  
	

𝐼𝐼" =	 	λ$"	λ"" + 	λ""	λ%" + 	λ%"	λ$"	 Eq	1.5 
	

𝐼𝐼% =	 	𝜆𝜆$"	𝜆𝜆""	𝜆𝜆%" Eq	1.6 
(𝜆𝜆&)&'$,%  
 

𝑊𝑊 = 𝐶𝐶$(𝐼𝐼$ − 3) 𝐸𝐸𝐸𝐸	1.7  
 
𝐶𝐶$  
 
 
 

. 
Thus, knowledge of 

cross-section area of 𝐴𝐴 and length 𝐿𝐿! by 𝛥𝛥𝐿𝐿, with uniaxial force 𝐹𝐹, it will first deform  
 

 
𝐹𝐹	 = 	𝑘𝑘	𝛥𝛥𝐿𝐿 𝐸𝐸𝐸𝐸	1.1 

𝑘𝑘 is defined as: 

𝑘𝑘 =
𝐸𝐸	𝐴𝐴
𝐿𝐿!

	 𝐸𝐸𝐸𝐸	1.2 

Here 𝐸𝐸 is the elastic or Young’s modulus and it defines the relationship between stress and 
strain in a material: 

𝐸𝐸 = 	
𝜎𝜎
𝜀𝜀
	 𝐸𝐸𝐸𝐸	1.3 

 𝜎𝜎  
 
𝜀𝜀 i 
 
𝑊𝑊 = !

"𝜀𝜀𝜎𝜎 = 	
!
"𝐸𝐸𝜀𝜀

".  
 
𝑊𝑊  
 
𝜖𝜖  
 
𝐸𝐸. 
 
 𝐼𝐼#  
	

𝐼𝐼" =	 	λ$"	λ"" + 	λ""	λ%" + 	λ%"	λ$"	 Eq	1.5 
	

𝐼𝐼% =	 	𝜆𝜆$"	𝜆𝜆""	𝜆𝜆%" Eq	1.6 
(𝜆𝜆&)&'$,%  
 

𝑊𝑊 = 𝐶𝐶$(𝐼𝐼$ − 3) 𝐸𝐸𝐸𝐸	1.7  
 
𝐶𝐶$  
 
 
 

 as a function of 

cross-section area of 𝐴𝐴 and length 𝐿𝐿! by 𝛥𝛥𝐿𝐿, with uniaxial force 𝐹𝐹, it will first deform  
 

 
𝐹𝐹	 = 	𝑘𝑘	𝛥𝛥𝐿𝐿 𝐸𝐸𝐸𝐸	1.1 

𝑘𝑘 is defined as: 

𝑘𝑘 =
𝐸𝐸	𝐴𝐴
𝐿𝐿!

	 𝐸𝐸𝐸𝐸	1.2 

Here 𝐸𝐸 is the elastic or Young’s modulus and it defines the relationship between stress and 
strain in a material: 

𝐸𝐸 = 	
𝜎𝜎
𝜀𝜀
	 𝐸𝐸𝐸𝐸	1.3 

 𝜎𝜎  
 
𝜀𝜀 i 
 
𝑊𝑊 = !

"𝜀𝜀𝜎𝜎 = 	
!
"𝐸𝐸𝜀𝜀

".  
 
𝑊𝑊  
 
𝜖𝜖  
 
𝐸𝐸. 
 
 𝐼𝐼#  
	

𝐼𝐼" =	 	λ$"	λ"" + 	λ""	λ%" + 	λ%"	λ$"	 Eq	1.5 
	

𝐼𝐼% =	 	𝜆𝜆$"	𝜆𝜆""	𝜆𝜆%" Eq	1.6 
(𝜆𝜆&)&'$,%  
 

𝑊𝑊 = 𝐶𝐶$(𝐼𝐼$ − 3) 𝐸𝐸𝐸𝐸	1.7  
 
𝐶𝐶$  
 
 
 

 implies knowledge of the material 
property 

cross-section area of 𝐴𝐴 and length 𝐿𝐿! by 𝛥𝛥𝐿𝐿, with uniaxial force 𝐹𝐹, it will first deform  
 

 
𝐹𝐹	 = 	𝑘𝑘	𝛥𝛥𝐿𝐿 𝐸𝐸𝐸𝐸	1.1 

𝑘𝑘 is defined as: 

𝑘𝑘 =
𝐸𝐸	𝐴𝐴
𝐿𝐿!

	 𝐸𝐸𝐸𝐸	1.2 

Here 𝐸𝐸 is the elastic or Young’s modulus and it defines the relationship between stress and 
strain in a material: 

𝐸𝐸 = 	
𝜎𝜎
𝜀𝜀
	 𝐸𝐸𝐸𝐸	1.3 

 𝜎𝜎  
 
𝜀𝜀 i 
 
𝑊𝑊 = !

"𝜀𝜀𝜎𝜎 = 	
!
"𝐸𝐸𝜀𝜀

".  
 
𝑊𝑊  
 
𝜖𝜖  
 
𝐸𝐸. 
 
 𝐼𝐼#  
	

𝐼𝐼" =	 	λ$"	λ"" + 	λ""	λ%" + 	λ%"	λ$"	 Eq	1.5 
	

𝐼𝐼% =	 	𝜆𝜆$"	𝜆𝜆""	𝜆𝜆%" Eq	1.6 
(𝜆𝜆&)&'$,%  
 

𝑊𝑊 = 𝐶𝐶$(𝐼𝐼$ − 3) 𝐸𝐸𝐸𝐸	1.7  
 
𝐶𝐶$  
 
 
 

. In the nonlinear 3D case, the situation is more complicated. Here the 
material property is given by defining 

cross-section area of 𝐴𝐴 and length 𝐿𝐿! by 𝛥𝛥𝐿𝐿, with uniaxial force 𝐹𝐹, it will first deform  
 

 
𝐹𝐹	 = 	𝑘𝑘	𝛥𝛥𝐿𝐿 𝐸𝐸𝐸𝐸	1.1 

𝑘𝑘 is defined as: 

𝑘𝑘 =
𝐸𝐸	𝐴𝐴
𝐿𝐿!

	 𝐸𝐸𝐸𝐸	1.2 

Here 𝐸𝐸 is the elastic or Young’s modulus and it defines the relationship between stress and 
strain in a material: 

𝐸𝐸 = 	
𝜎𝜎
𝜀𝜀
	 𝐸𝐸𝐸𝐸	1.3 

 𝜎𝜎  
 
𝜀𝜀 i 
 
𝑊𝑊 = !

"𝜀𝜀𝜎𝜎 = 	
!
"𝐸𝐸𝜀𝜀

".  
 
𝑊𝑊  
 
𝜖𝜖  
 
𝐸𝐸. 
 
 𝐼𝐼#  
	

𝐼𝐼" =	 	λ$"	λ"" + 	λ""	λ%" + 	λ%"	λ$"	 Eq	1.5 
	

𝐼𝐼% =	 	𝜆𝜆$"	𝜆𝜆""	𝜆𝜆%" Eq	1.6 
(𝜆𝜆&)&'$,%  
 

𝑊𝑊 = 𝐶𝐶$(𝐼𝐼$ − 3) 𝐸𝐸𝐸𝐸	1.7  
 
𝐶𝐶$  
 
 
 

 as a function of the so-called invariants 

cross-section area of 𝐴𝐴 and length 𝐿𝐿! by 𝛥𝛥𝐿𝐿, with uniaxial force 𝐹𝐹, it will first deform  
 

 
𝐹𝐹	 = 	𝑘𝑘	𝛥𝛥𝐿𝐿 𝐸𝐸𝐸𝐸	1.1 

𝑘𝑘 is defined as: 

𝑘𝑘 =
𝐸𝐸	𝐴𝐴
𝐿𝐿!

	 𝐸𝐸𝐸𝐸	1.2 

Here 𝐸𝐸 is the elastic or Young’s modulus and it defines the relationship between stress and 
strain in a material: 

𝐸𝐸 = 	
𝜎𝜎
𝜀𝜀
	 𝐸𝐸𝐸𝐸	1.3 

 𝜎𝜎  
 
𝜀𝜀 i 
 
𝑊𝑊 = !

"𝜀𝜀𝜎𝜎 = 	
!
"𝐸𝐸𝜀𝜀

".  
 
𝑊𝑊  
 
𝜖𝜖  
 
𝐸𝐸. 
 
 𝐼𝐼#  
	

𝐼𝐼" =	 	λ$"	λ"" + 	λ""	λ%" + 	λ%"	λ$"	 Eq	1.5 
	

𝐼𝐼% =	 	𝜆𝜆$"	𝜆𝜆""	𝜆𝜆%" Eq	1.6 
(𝜆𝜆&)&'$,%  
 

𝑊𝑊 = 𝐶𝐶$(𝐼𝐼$ − 3) 𝐸𝐸𝐸𝐸	1.7  
 
𝐶𝐶$  
 
 
 

 of the right Cauchy-Green deformation tensor [157]. The first three invariants 
are as follows:

𝐼𝐼! = 	λ!" + 	λ"" + 	λ#"	 Eq	1.4	
 

𝐼𝐼! = 	λ!" + 	λ"" + 	λ#"	 Eq	1.4	
 

 
 

cross-section area of 𝐴𝐴 and length 𝐿𝐿! by 𝛥𝛥𝐿𝐿, with uniaxial force 𝐹𝐹, it will first deform  
 

 
𝐹𝐹	 = 	𝑘𝑘	𝛥𝛥𝐿𝐿 𝐸𝐸𝐸𝐸	1.1 

𝑘𝑘 is defined as: 

𝑘𝑘 =
𝐸𝐸	𝐴𝐴
𝐿𝐿!

	 𝐸𝐸𝐸𝐸	1.2 

Here 𝐸𝐸 is the elastic or Young’s modulus and it defines the relationship between stress and 
strain in a material: 

𝐸𝐸 = 	
𝜎𝜎
𝜀𝜀
	 𝐸𝐸𝐸𝐸	1.3 

 𝜎𝜎  
 
𝜀𝜀 i 
 
𝑊𝑊 = !

"𝜀𝜀𝜎𝜎 = 	
!
"𝐸𝐸𝜀𝜀

".  
 
𝑊𝑊  
 
𝜖𝜖  
 
𝐸𝐸. 
 
 𝐼𝐼#  
	

𝐼𝐼" =	 	λ$"	λ"" + 	λ""	λ%" + 	λ%"	λ$"	 Eq	1.5 
	

𝐼𝐼% =	 	𝜆𝜆$"	𝜆𝜆""	𝜆𝜆%" Eq	1.6 
(𝜆𝜆&)&'$,%  
 

𝑊𝑊 = 𝐶𝐶$(𝐼𝐼$ − 3) 𝐸𝐸𝐸𝐸	1.7  
 
𝐶𝐶$  
 
 
 

cross-section area of 𝐴𝐴 and length 𝐿𝐿! by 𝛥𝛥𝐿𝐿, with uniaxial force 𝐹𝐹, it will first deform  
 

 
𝐹𝐹	 = 	𝑘𝑘	𝛥𝛥𝐿𝐿 𝐸𝐸𝐸𝐸	1.1 

𝑘𝑘 is defined as: 

𝑘𝑘 =
𝐸𝐸	𝐴𝐴
𝐿𝐿!

	 𝐸𝐸𝐸𝐸	1.2 

Here 𝐸𝐸 is the elastic or Young’s modulus and it defines the relationship between stress and 
strain in a material: 

𝐸𝐸 = 	
𝜎𝜎
𝜀𝜀
	 𝐸𝐸𝐸𝐸	1.3 

 𝜎𝜎  
 
𝜀𝜀 i 
 
𝑊𝑊 = !

"𝜀𝜀𝜎𝜎 = 	
!
"𝐸𝐸𝜀𝜀

".  
 
𝑊𝑊  
 
𝜖𝜖  
 
𝐸𝐸. 
 
 𝐼𝐼#  
	

𝐼𝐼" =	 	λ$"	λ"" + 	λ""	λ%" + 	λ%"	λ$"	 Eq	1.5 
	

𝐼𝐼% =	 	𝜆𝜆$"	𝜆𝜆""	𝜆𝜆%" Eq	1.6 
(𝜆𝜆&)&'$,%  
 

𝑊𝑊 = 𝐶𝐶$(𝐼𝐼$ − 3) 𝐸𝐸𝐸𝐸	1.7  
 
𝐶𝐶$  
 
 
 

cross-section area of 𝐴𝐴 and length 𝐿𝐿! by 𝛥𝛥𝐿𝐿, with uniaxial force 𝐹𝐹, it will first deform  
 

 
𝐹𝐹	 = 	𝑘𝑘	𝛥𝛥𝐿𝐿 𝐸𝐸𝐸𝐸	1.1 

𝑘𝑘 is defined as: 

𝑘𝑘 =
𝐸𝐸	𝐴𝐴
𝐿𝐿!

	 𝐸𝐸𝐸𝐸	1.2 

Here 𝐸𝐸 is the elastic or Young’s modulus and it defines the relationship between stress and 
strain in a material: 

𝐸𝐸 = 	
𝜎𝜎
𝜀𝜀
	 𝐸𝐸𝐸𝐸	1.3 

 𝜎𝜎  
 
𝜀𝜀 i 
 
𝑊𝑊 = !

"𝜀𝜀𝜎𝜎 = 	
!
"𝐸𝐸𝜀𝜀

".  
 
𝑊𝑊  
 
𝜖𝜖  
 
𝐸𝐸. 
 
 𝐼𝐼#  
	

𝐼𝐼" =	 	λ$"	λ"" + 	λ""	λ%" + 	λ%"	λ$"	 Eq	1.5 
	

𝐼𝐼% =	 	𝜆𝜆$"	𝜆𝜆""	𝜆𝜆%" Eq	1.6 
(𝜆𝜆&)&'$,%  
 

𝑊𝑊 = 𝐶𝐶$(𝐼𝐼$ − 3) 𝐸𝐸𝐸𝐸	1.7  
 
𝐶𝐶$  
 
 
 

 are a series of so-called stretch ratios. They describe the deformation 
in certain principal directions.
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 is a material constant and is related to the elastic modulus (Table 1.4).

Different constitutive equations mimic different kinds of materials. Most rubbery 
materials under moderate strain (30% to 70%) are well represented by the neo-
Hookean model. To model biological tissue at higher strains, the Mooney-Rivlin 
model is a common choice at present because it adds an additional constant to 
the neo-Hookean model and therefore better fits experimental data. The Ogden 
model is also well suited or modeling rubbery and biological materials at higher 
strains [157].
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General introduction

Table 1.4 - Overview of different constitutive models for biological tissue and their strain energy 
density functions.
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The constants that define the characteristics of the material can be estimated 
numerically or can be determined via experimentation using, for instance, a tensile 
test. Parameters based on real experimentation are scarce because of the difficulties 
entailed with measuring on the tongue. According to Hermant et al. [131], only three 
papers have been published about constitutive parameters that were found using 
in-vivo [158,159] or ex-vivo [125] experiments. The ex-vivo experiment by Gerard et 
al. [125] assumed a Yeoh 2-parameter strain energy function (Table 1.4) to describe 
tongue tissue from a cadaver of a 74-year-old woman. Using an indentation 
experiment the two parameters, C

10
 and C

20,
 were respectively 192 and 90 Pa. 

However, due to the effect of vascularization and tissue shrinkage after excision, 
ex-vivo experiments differ significantly from in-vivo experiments, which makes them 
less suitable for parameter identification [160–162]. One of the in-vivo experiments 
was conducted by Cheng et al. [159] using Magnetic Resonance Elastography 
(MRE) on 7 participants in which they found a mean Young modulus of 7743 Pa. 
However, due to the supine position of the participants in this study, the tongue was 
forced against the palate, causing muscle activation and therefore resulting in an 
overestimation of the elasticity values. Moreover, in the setup proposed by Cheng 
et al. [159], the mechanical properties are retrieved by analyzing the displacement 
field induced by external 80 Hz vibrations which in combination with a mouthguard 
to keep the tongue in place, which can be uncomfortable for study subjects. The 
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other in-vivo study by Schiavone et al. [158] used an aspiration method to acquire 
tissue properties – a technique that is comparable with commercial products for 
elasticity measurements of the skin such as the cutometer (Courage + Khazaka 
electronic GmbH, Germany). In these techniques, a chamber with a circular aperture 
is depressurized to suck the tissue into the lumen. Using a camera, the height of the 
tissue is calculated. By using the height of the tissue and the negative pressure for a FE 
inverse simulation of measurement, the tissue parameters of the Yeoh strain energy 
function can be determined. A new iteration of this technique is used in Chapter 
5 to determine tongue elasticity both under general anesthesia and while awake.

1.8 AIM AND OUTLINE

This thesis aims to advance the development of biomechanical models of the 
tongue with the specific aim of predicting expected postoperative function loss. 
This is a multifaceted problem, as many variables influence the postoperative 
function of the tongue. This thesis begins with a proof of concept. Chapter 
2 describes the first version of a virtual surgery tool to simulate a partial 
glossectomy and the resulting postoperative motion using a theoretical model 
of the tongue. By creating this tool, the imperative for a reliable model and the. 
Requirements of a clinically usable tool became more apparent. The following 
chapters dive deeper into a couple of these requirements, but also explore 
options that might be easier to implement. Chapter 3 focuses on improving the 
technique to measure tongue movement expressed in Range of Motion (ROM), 
elaborating on the optical tracking method first introduced by van Dijk et al. 
[71]. Chapter 4 describes the occurrence of five different tongue movements in 
a Dutch population-based observatory study with 400 participants, including 
whether or not participants are aware that they possess the ability to make a 
certain movement. The latter is an important aspect to consider when starting 
research on the predictive value of specific preoperative tongue movements. The 
virtual surgery tool, as described in Chapter 2, clarified the need for a method to 
measure the elasticity of the tongue and the elasticity of fibrous tissue. Chapter 
5 addresses the technical aspects of a new aspiration-based method to measure 
the elasticity of tongue tissue. To validate this minimally invasive method, a study 
was initiated to measure the differences between the tongue elasticity while 
under general anesthesia and while awake. Chapter 6 addresses the need for 
more detailed and personalized information about the muscle architecture of 
the individual tongue, and 10 personalized biomechanical models were created 
based on novel diffusion-weighted imaging techniques developed by Voskuilen 
et al. [150]. Chapter 7 applies this same method for two pre- and post-op cases 
to demonstrate the concept of future postoperative tongue function prediction. 
Chapter 8 brings the thesis to a close with summaries and a final conclusion.
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ABSTRACT

Oral cancer surgery has a negative influence on the quality of life (QOL). As a result 
of the complex physiology involved in oral functions, estimation of surgical effects 
on functionality remains difficult. We present a user-friendly biomechanical 
simulation of tongue surgery, including closure with suturing and scar formation, 
followed by an automated adaptation of a finite element (FE) model to the shape 
of the tongue. Different configurations of our FE model were evaluated and 
compared to a well-established FE model. We showed that the post-operative 
impairment as predicted by our model was qualitatively comparable to a patient 
case for five different tongue maneuvers.
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2.1 INTRODUCTION

Head and neck cancer is the sixth most common cancer in the world [1] and the 
worldwide incidence of lip and oral-cavity cancers is estimated at 2.1% [2]. In 
Western countries, oral cancers most frequently occur at the lateral border of the 
tongue, accounting for 40-50% of all the oral cancers [1,3]. Dependent on the local 
extension of the tongue cancer, surgery might interfere with vital functions such 
as swallowing, mastication and speech having a negative influence on the Quality 
of Life (QoL) [4,5]. When the lesion is accessible trans-orally, curative surgery is 
often the preferred treatment, provided that the post-operative functional loss 
is acceptable. If not, organ-sparing treatment options such as radiotherapy or 
combined chemotherapy and radiotherapy can be considered [6,7]. In considering 
these options, shared decision making and evidence-based patient counseling 
are important. This requires objective and accurate pre-operative information 
regarding the oncologic and functional outcome, and information provision in 
an understandable and preferably visual way [8,9]. However, due to the complex 
structures and systems involved in oral functions, it is often not possible for 
a treating physician to predict the functional consequences of any particular 
treatment by experience and reasoning alone [10]. Simulations using physiological 
computer models can help the treating physician to understand the effects of 
interventions in the tongue and to provide the patient with visual information 
to understand the functional consequences. In the past decade, progresses have 
been made in biomechanical modeling of the tongue: In 2006, Gérard et al. [11] 
created a Finite Element (FE) model based on (1) MRI data from a specific human 
subject; (2) accurate information about muscle anatomy from the Visible Human 
Project [12], and (3) the work of Wilhelms-Tricarico [13] for speech production 
modeling. Vogt et al. [14] and Buchaillard et al. [15,16] elaborated on this model 
to show the opportunities for the simulation of speech production, and also the 
simulation of surgery and reconstruction using a free flap approach. Hermant et 
al. [17] adapted and improved this model through the work of Rohan et al. [18] 
in creating a tongue model based on a manual segmentation of MRI and CT 
images. Fujita et al. [19] created a personalized tongue model specifically for the 
simulation of a partial glossectomy. Van Alphen et al. [20] created an FE model to 
show the effects of impairments on the movement of the tongue. These previous 
studies yielded promising results for use of FE models to predict the functional 
loss. In several of those studies, surgery was simulated by altering the stiffness of 
particular elements. However, this approach is not sufficient to simulate primary 
closure using sutures, which is the most commonly applied technique in stage T1-
T2 tumors [21].

Our aim was to develop a user-friendly tool to simulate the effects of a partial 
resection of the tongue using an FE model. In this study we address five questions: 

2
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(a) Can we create an interactive and editable model while still performing 
comparably to other models? (b) Can we simulate and define a resection in the FE 
model? (c) Can we simulate primary closure of a resection by suturing? (d) Can we 
simulate scar tissue by a fibrotic volume? and (e) Can we simulate a patient case 
using this model?

2.2 METHODS AND MATERIALS

Materials
The shape and muscle structure of our tongue model were based on the FE model 
developed by Buchaillard et al. [15], which originates from the models of Gérard et 
al. [11,22]. Their model was converted by Stavness et al. [23] to work in ArtiSynth, 
an open-source Java-based platform for combined multibody and FE model 
simulation [24]. This software also includes an inverse simulation controller as 
described in Stavness et al. [23]. Our surgery tool was also created within the 
ArtiSynth environment while MeshLab was used for manually editing a mesh [25].

To demonstrate the abilities of the tool, the position of the apex of the tongue of a 
patient with a T1 (i.e. diameter < 2 cm) tongue cancer has been recorded both pre- 
and post-operatively using three Aviator A1000-100gc (Basler) video cameras.

Figure 2.1 - a: The surface mesh of the model. b: The cubic-shaped FE model. The white dots are the 
non-dynamic nodes representing the attachment to the jaw.

The model
The biomechanics of a tongue were simulated using a 3D FE model. Using a least 
square subdivision surface algorithm from Boyé et al. [26], a smoothed version 
of the surface mesh from the FE model of Buchaillard et al. [15] was created in 
MeshLab [25]. An FE mesh consisting solely of cubic elements was generated to 
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match the shape of the surface mesh so that the centroids of the elements were 
located within the surface mesh (Figure 2.1a). For visualization of the modeled 
dynamics, the high-resolution surface mesh was embedded into the cubic FE 
mesh (Figure 2.1b). Attachments to the jaw and hyoid bone were simulated by 
making the FE nodes in these areas non-dynamic.

This simplified representation enables quick generation of a new FE mesh when 
changes to the surface mesh are made. Quick generation is essential for surgical 
simulation (see section “Virtual surgery”), which is done at least two times during 
the procedure. Moreover, this technique enables us to easily generate new FE 
meshes for other (personalized) surface meshes in the future.

A small element size leads to a better representation of the model and the surgical 
incision, at the cost of longer computation time. The smallest element size with 
acceptable computation time was 16 mm3. This size was used in all the simulations. 
We also investigated the effect on mobility when increasing the element size to 
39 mm3 and 141 mm3.

Mechanical properties
In order to compare our new editable model to the model of Buchaillard et al. 
[15] and Stavness et al. [23], we used the same mechanical properties. In these 
studies, the complex viscoelastic nature of tongue tissue was approached by a 
hyperelastic material. Element-based incompressibility ensures that the volume 
in each element stays the same throughout the simulation [27]. The material 
consisted of a 5-parameter Moony Rivlin material with c

10
 and c

20
 equal to 

1037 and 486, respectively, and with c
01

, c
11

, and c
02

 all being zero. A Rayleigh 
damping coefficients of α = 40 s-1 and β = 0.03 and a density of 1040kg/m3 were 
used. These parameters are based on ex-vivo research conducted by Gerard et 
al. [11] and were later fine-tuned by Buchaillard et al. [15]. An overview of other 
constitutive models to estimate the mechanical properties of the tongue can be 
found in Hermant et al. [17].

Muscle properties and implementation
The musculature was modeled using ArtiSynth’s “muscle material” which effect 
is applied in addition to the regular material for an element. When excitation 
is applied to a muscle material, it generates an externally applied stress in the 
direction associated with the muscle [24]. For the simulation of the muscle stress-
strain function, we used ArtiSynth’s implementation of the method described 
by Blemker et al. [28]. In this method, stress and strain are influenced by muscle 
activation based on the direction of the particular muscle. In order to compare 
our model to the Buchaillard et al. [15] model, muscle divisions and muscle 
directions were converted and incorporated in our model. Using the Inverse 
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Distance Weighted (IDW) interpolation, the string-based muscles of Buchaillard 
et al. [15] were converted into dense vector fields defining muscle directions 
and locations. The vector closest to the centroid of a particular element will 
determine the direction of its contraction upon activation. A typical distribution 
of element-muscles in an unedited model is demonstrated in Figure 2.2. This 
muscle representation also enables us to easily use other muscle configurations 
for future (personalized) models. Because of the long and compact trajectory of 
the styloglossus muscle towards the styloid process, we were unable to create 
a stable (automatically generated) element-based muscle for it. The styloglossus 
was, therefore, the only muscle simulated using string-based muscles.

Figure 2.2 - Muscle bundles and directions. Every color-coded cylinder, located at the centroid of an 
element, represents the direction of contraction of that element. From left to right: genioglossus, 
-posterior (GGp), -middle (GGm), -anterior (GGa), geniohyoid muscle (GH), hyoglossus (HG), inferior 
longitudinal muscle (IL), mylohyoid muscle (MH), superior longitudinal muscle (SL), transverse muscle 
(TRA), vertical muscle (VER). The styloglossus (SG) is modeled as a fiber.

Virtual surgery
In the next paragraphs, a method is described to interactively create a post-
surgical model. This method consists of three main steps:

Interactively defining a resection volume: The volume to be resected was 
delineated on the surface mesh of a tongue and subsequently subtracted from 
that mesh.

Virtual suturing: The remaining surface mesh and muscle vector fields were 
embedded in a cubic FE mesh that was generated to match the shape of the surface 
mesh. During the suturing procedure, the FE mesh facilitated the deformation of 
the surface mesh and the embedded muscle vector fields.



49

An interactive surgical simulation tool

Post-operative model: The hole in the deformed surface mesh was closed and 
the new FE mesh was generated. The muscle vector fields were converted to 
element-muscles.

Interactively defining a resection volume
The location of the surgical resection was delineated interactively by selecting 
a set of 3D points ( ) on the surface mesh. Using the chain of 3D points, two 
polygonal cones covering the area above and below these points were defined 
to form a closed 3D structure (Figure 2.3). Subsequently, all the faces enclosed 
by this structure were marked as “selected area”. This method performed well 
for selecting the area’s convex and concave surfaces, which are present on the 
tongue surface mesh.

Figure 2.3 - A structure created to enclose a three-dimensional selected area. VA i()VA i() and VB i()VA i()together 
with the upper centroid (VUC) and the lower centroid (VLC  , not visible) form a structure that will cover 
all the faces from the surface mesh (yellow) within this structure.

Next, the final shape of the resection volume was derived from the selected 
area. This was achieved by creating a new cone-like shape, the base of which was 
formed by connecting the vertices Pv i()Pv i() at the border of the selected area (Figure 
2.4). The apex Pc  was located below, in the center, and orthogonal to the mean of 
all the faces of the selected area (Figure 2.5). To enable more complex resection 
shapes, the connecting edge between the area vertices Pv i()Pv i() and the apex Pc  was 
separated into two parts by inserting halfway vertices Phw i()Phw i(). The resulting mesh 
could be adjusted interactively to the desired incision shape by (a) changing the 
depth of the apex in a direction orthogonal to the selected area; (b) scaling the 
halfway vertices in a direction parallel to the selected area, and (c) changing the 
depth of this plane. By applying this method, both elongated and round resection 
volumes could be created.

2
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Figure 2.4 - A visual representation of the selected resection volume. The yellow volume is the volume 
that is about to be removed. The red line indicates over which line the future resection will be closed.

Figure 2.5 - A schematic cross-section of the resection volume. 

Figure 2.3 - A structure created to enclose a three-dimensional selected area. 𝐕𝐕!(#) and 𝐕𝐕%(#)together with the upper centroid 
(𝐕𝐕&') and the lower centroid (𝐕𝐕(' , not visible) form a structure that will cover all the faces from the surface mesh (yellow) 
within this structure. 
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achieved by creating a new cone-like shape, the base of which was formed by connecting 
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Virtual suturing
After subtracting the created resection volume from the surface mesh, the cubic 
FE model was generated according to this new surface mesh shape, as described 
in the Materials section under the heading ‘The model’. Vector fields containing 
muscle locations and directions were added to the FE model, but not in the 
resected area. These vector fields were only converted to element-muscles until 
after the suturing procedure.

Next, the resection was closed. This was divided into two stages. In the first stage, 
suturing was simulated in a similar way to clinical intraoperative conditions. This 
was accomplished by pulling the longest edges of the resection volume towards 
each other using point forces located at the vertices on the edge 

Figure 2.3 - A structure created to enclose a three-dimensional selected area. 𝐕𝐕!(#) and 𝐕𝐕%(#)together with the upper centroid 
(𝐕𝐕&') and the lower centroid (𝐕𝐕(' , not visible) form a structure that will cover all the faces from the surface mesh (yellow) 
within this structure. 
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Next, the resection was closed. This was divided into two stages. In the first stage, suturing 
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 and 
halfway between the edge and bottom 

Figure 2.3 - A structure created to enclose a three-dimensional selected area. 𝐕𝐕!(#) and 𝐕𝐕%(#)together with the upper centroid 
(𝐕𝐕&') and the lower centroid (𝐕𝐕(' , not visible) form a structure that will cover all the faces from the surface mesh (yellow) 
within this structure. 

 
Next, the final shape of the resection volume was derived from the selected area. This was 
achieved by creating a new cone-like shape, the base of which was formed by connecting 
the vertices 𝐏𝐏!(#) at the border of the selected area (Figure.1).  
 
The apex 𝐏𝐏% was located below, in the center, and orthogonal to the mean of all the faces of 
the selected area (Figure..2). To enable more complex resection shapes, the connecting edge 
between the area vertices 𝐏𝐏!(#) and the apex 𝐏𝐏% was separated into two parts by inserting 
halfway vertices 𝐏𝐏&'(#). The resulting mesh could be adjusted interactively to the desired 
incision shape by (a) changing the depth of the apex in a direction orthogonal to the selected 
area; (b) scaling the halfway vertices in a direction parallel to the selected area, and (c) 
changing the depth of this plane. By applying this method, both elongated and round 
resection volumes could be created. 

VViirrttuuaall  ssuuttuurriinngg  
After subtracting the created resection volume from the surface mesh, the cubic FE model 
was generated according to this new surface mesh shape, as described in the Materials 
section under the heading ‘The model’. Vector fields containing muscle locations and 
directions were added to the FE model, but not in the resected area. These vector fields 
were only converted to element-muscles until after the suturing procedure.  
Next, the resection was closed. This was divided into two stages. In the first stage, suturing 
was simulated in a similar way to clinical intraoperative conditions. This was accomplished 
by pulling the longest edges of the resection volume towards each other using point forces 
located at the vertices on the edge (𝐏𝐏!(#)) and halfway between the edge and bottom 
(𝐏𝐏&'(#)) of the resection (marked by green and red arrows respectively in  
 

 of the resection (marked by 
green and red arrows respectively in Figure 2.6a-b).

To create balanced forces on the opposite sides of the longest edge, a virtual 
plane was created at the longest axial direction of the resection. For each 
point force, a target was created that was the projection of the point force on 
the plane (marked by green and red dots in Figure 2.6a-c). This target was then 
corrected for the length of the resection’s wall and the location of the nearest 
target points from the opposite side of the resection, to ensure a smooth 
post-operative surface. Subsequently, a simulation was run wherein the point 
forces move towards their targets while applying a manually adjustable force. 
In addition, these forces were lowered exponentially with each iteration as 
they reached their target to prevent the point forces from overshooting their 
target. During the approach of both sides of the embedded surface mesh, the 
FE mesh does not self-collide, as only the surface mesh can collide (Figure 2.6b). 
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Figure 2.6 - A visual representation of the suturing procedure using the surgical tool. a-b: The red and 
green point forces (arrows) will move to their targets points (bullets) on an invisible plane located on 
the longest axial direction of the resection. c: The pairs of points on the edges that were closest to each 
other were bounded by a virtual knot. d: Post-operative mesh using a new generated FE mesh. The 
lighter area is marked as fibrosis in this particular case.

To ensure that the edges on both sides of the resection were fully aligned, the 
pairs of points on the edges that were closest to each other were bounded by a 
virtual knot. By running a simulation for a couple of seconds without any forces 
other than gravity, the tongue tissue moved to an equilibrium state (Figure 2.6c). 
Using MeshLab [25], the remaining hole in the mesh was closed. At this point, the 
FE mesh was discarded.

Post-operative model
The suturing procedure altered the shape of the surface mesh and muscle 
vector field. Based on this surface mesh, a new FE model was generated. Muscle-
elements were created from the altered vector fields, and using the information 
about the location of the resection, fibrosis (scar tissue) was added to the model 
(Figure 2.6d). Not much is known about the extent of fibrosis and the associated 
changes of the tissue properties. We will evaluate the effects of a small and large 
fibrotic area of 7 and 14 mm, respectively, from the location of the resection. In 
Buchaillard et al. [16] a stiffened free flap reconstruction was simulated by using 
6 times the original stiffness. We compared the effects of 6, 12 and 24 times the 
initial stiffness on tongue motions.
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2.3 EVALUATION

Comparison with the original model
In order to compare our model to the model of Buchaillard et al. [15], we estimated 
the activity of each muscle from their model by means of an inverse simulation 
technique. Every single (bilateral) muscle of the Buchaillard et al. [15] model was 
activated to 50% of its maximum force or just before the model became unstable. 
Via the inverse simulation, the tongue tip of our model aimed to reach the same 
point as the tongue tip of the Buchaillard et al. [15] model, using the same muscle. 
As the vertical and transverse muscles mainly control the width of the tongue (in 
the coronal plane), the inverse simulation for those muscles will be done with 2 
points on both sides of the tongue instead of the tongue tip.

Evaluation of various element sizes
The number of the cubic elements that can be used for the FE model is limited 
by computational power and time. The smaller the elements, the better the 
representation of the surface. However, the more elements, then the longer 
computation time. We will compare models with element sizes 16 mm3, 39 mm3, 
and 141 mm3 by activating every muscle bilaterally. Element sizes larger than 141 
mm3 are too large to follow the shape of the tongue and element sizes smaller than 
16 mm3 will take longer than 50 seconds for 1 second of simulation on an Intel Xeon 
V5 @ 3.50 GHz. Therefore, an element size of 16mm3 is, the smallest size we will use.

Patient case
To demonstrate the capability of our model to mimic the effects of surgery on 
tongue mobility, videos of a patient with a T1 tongue carcinoma scheduled for 
glossectomy were captured both pre- and post-operatively, performing the 
following characteristic protruding tongue movements:
- forward.
- Up and downward.
- Lateralisation (left and rightward).

To determine the muscle activation signals, the measured pre-operative extreme 
positions were used for the inverse simulation. The tongue tip of the pre-
operative model was targeted to set a path towards these positions, resulting in 
the corresponding muscle activations. This muscle activation pattern was used 
in the post-operative forward simulation using various levels of stiffness and 
fibrosis volumes.

The maximum distance of the tongue tip of the model was measured in the pre-
determined directions. Because no post-operative MRI data of the patient was 
available, no comparison between pre-and post-operative shapes was possible. 
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Therefore, the resulting shapes are only assessed qualitatively by comparing 
them to stills of the pre- and post-operative video of the patient. The frames were 
scaled by calibrating the width of the nostrils of the pre- and post-operative image.

2.4 RESULTS

Comparison with the original model
Figure 2.7 shows the deformation of the Buchaillard et al. [15] model after 
activation of a single muscle and the results of inverse simulations using our model 
targeting at the tip or the sides of the Buchaillard et al. [15] model. Activation 
of the mylohyoid or geniohyoid muscle did not change the shape of the tongue 
in a noticeable way and was therefore left out of this comparison. Most of the 
deformations of the two models were almost indistinguishable from one another, 
except for the hyoglossus and the superior longitudinal muscle that could not move 
the tongue apex of our model to the same position of Buchaillard’s model [15].

Figure 2.7 - Sagittal or coronal delineated view of the Buchaillard (2009) model (dotted lines) for each 
activated muscle and our model (solid line) reaching the same point with the tip (sagittal view) or the 
sides (coronal view) using inverse modeling.
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Evaluation of various element sizes
Figure 2.8 shows the movement of the apex in two directions after activation of 
the muscle. The maximum difference between 16 mm3 and 39 mm3 elements was 
maximally 1 mm, however, the model with larger elements showed movements 
up to 4 mm. This movement was mainly in the direction of gravity (downwards).

Figure 2.8 - Upper graph: The positive and negative X-axis represents a displacement of the tip of the 
tongue in a forward protruding and retracting movement of the tongue, respectively, using elements 
of 16, 39 and 141 mm3. Lower graph: The positive and negative Z-axis represents a displacement in 
respectively the up and down direction.

Patient Case
Figure 2.9 shows the drawing of the plan made by a surgeon, the selection 
made using the surgery tool, and the resulting post-operative model. The grey 
area represents the extension of fibrosis. The numerical results of the forward 
simulations are given in Figure 2.10. The most prevalent effect was the decline 
in motion in all directions when the stiffness and diameter of the fibrotic area of 
the post-operative tongue were increased. However, the non-fibrotic version of 
the model showed a different behavior as the ability to retract increased after 
surgery. Another interesting phenomenon can be seen in the left and rightward 
protrusion. Without fibrosis, the post-operative tongue could not move as far to 
the right as it did to the left, as muscles in this patient were removed from the right 
side of the tongue. However, when fibrosis was added, the opposite occurred. 
Further stiffening of the resection volume only affected the motion to the left, but 
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when the size of the fibrotic area was increased both sides became affected. The 
right and upward protrusion were hardly affected by fibrosis of 7 mm while that 
of 14 mm did have a significant effect. The largest decrease in motion, compared 
to the healthy tongue, was visible in the left and downward protrusion.

Figure 2.9 - From top to bottom: preoperative drawing of the surgical area, selected resection volume 
on the preoperative model and the post-operative model. The grey area on the post-operative model 
is the visual representation of scar tissue.
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Figure 2.10 - The traveled distance in millimeter of different versions of the model while performing 
six different movements. The first part of the graph labels indicates the extension of fibrosis (7 or 14 
mm.) and the second part indicated a multiplication factor for the amount of stiffness compared to the 
“healthy tongue” (6,12 and 24 times the normal stiffness)
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In Figure 2.11, the pre- and post-operative differences of the patient are shown 
while protruding the tongue to the left or down. The post-operative tongue tip 
positions, projected on the pre-operative image, are indicated by the two small 
perpendicular lines. Both maneuvers are impaired and showed a significant 
decrease in motion about 30%. No noticeable differences were found in up, 
right or forward protrusion and therefore not shown in the Figure. Both the 
biomechanical model and the patient revealed that the effect of surgery was most 
distinct in the left (contralateral) and downward protrusion.

Figure 2.11 - Left: preoperative video stills from down and leftward protrusion of the tongue. The 
horizontal white line represents the magnitude of motion of the tongue in a certain direction seen 
from the nostrils. An extra vertical line on top of the horizontal line projects the post-operative mag-
nitude of motion on the preoperative video stills. Right: Post-operative video stills. The video stills are 
printed with written permission of the patient.
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2.5 DISCUSSION AND CONCLUSION

In this study, a method to perform virtual surgery on a biomechanical tongue is 
presented. A user-friendly tool was created to delineate and shape a resection 
volume. The virtual resection, suturing of the resection, and formation of scar 
tissue was accomplished through biomechanical modeling. The evaluation 
showed that the movements of the model were comparable with the model of 
Buchaillard et al. [15] and that those movements were not significantly altered 
within a reasonable range when a different element size was chosen. Application 
of the tool to a single patient case, in which post-surgical movement of the 
patient’s tongue could be simulated, gave a proof of concept, demonstrating the 
potential of the tool.

The model
The surface mesh of the model is a smoothed version of the Buchaillard et al. [15] 
model, which neither uses an unedited segmented tongue nor uses personalized 
muscle locations of the tongue [22]. As demonstrated in this paper, this was 
sufficient to predict the overall effect of surgery at a certain location. However, 
for quantifying motion impairment and effective validation, a truly personalized 
model is required. The tongue mesh and muscle bundles must be shaped to the 
patient’s tongue by using, for instance, MRI data. Techniques such as Diffusion 
Tensor Imaging (DTI) can be used to image and subsequently personalize the 
neural and muscular structures [29,30].

In literature, there is still a debate on how to simulate the functional muscular 
subdivision. Some FE models described in literature divide the genioglossus in 
the anterior, middle and posterior part [17,31–33], while other literature shows 
that there are also arguments to separate the genioglossus into a horizontal and 
oblique subdivision [34–36]. There are also arguments to subdivide the intrinsic 
muscles into multiple functional regions. For validating our new way of generating 
an FE model, to enable virtual surgery, it was necessary to use the same muscle 
divisions as in Buchaillard et al. [15]. In addition, van Alphen et al. [37] showed 
that the tongue muscle innervation patterns can differ greatly among subjects, 
which makes it difficult to ascertain that specific muscles are denervated by 
surgical procedures. However, from our longstanding clinical experience and 
other clinical research, we can conclude that gross tongue movements after a 
partial glossectomy are usually affected by fibrosis rather than by denervation 
[38]. Moreover, denervation at a local site seems effectively compensated at a 
central cerebral level [39].

2



60

Chapter 2

This report describes a first use of a separate surface mesh and FE model to 
simulate surgical excision and closure of soft tissue. The separation made it 
possible to easily edit detailed parts of the tongue and actually remove a part 
from the model. This, in turn, enabled us to create virtual sutures to close the 
resection, which would be impossible using the low-resolution handmade models 
[16,19,20]. Figure 2.9 shows that the post-operative tongue contour accurately 
mimicked the in-vivo post-operative situation after primary suturing of the tongue.

However, the described modeling technique has its flaws. The FE mesh is solely 
made of cubic shaped hexahedral elements (Figure 2.1) because tetrahedral 
elements are more prone to “volumetric locking”. An FE model with cubically 
shaped elements will not deform in the same way as an FE model with a smoother 
surface. For example, large deformations close to the jaw and hyoid bone 
attachments can result in a corrugated surface mesh. Also, sharp edges at the 
corners of a resection are not always well defined. It is arduous to automatically 
generate a hexahedral model that follows the surface with non-cubic elements, 
and therefore some have suggested a mixed-mesh approach. In Rohan et al. 
[18] this mixed mesh approach gave promising results as the use of tetrahedral 
elements located only on the surface of the FE did not alter the deformation 
of a tongue model in a serious way. Although not yet suited for our editable FE 
mesh approach, industrial solutions like “Bolt” [40] could be used to create more 
detailed hexahedral models as was done in Hermant et al. [17].

The hyperelastic material properties used in our simulations are a rough 
approximation from reality. Recent research is focused on creating constitutive 
laws to describe the viscoelastic behavior of (tongue) tissue [41]. These new 
insights, provided they don’t significantly increase computational time, could 
improve the simulated tissue response in the model in the future.

Evaluation
The comparison of our model to the model of Buchaillard et al. [15] showed that, 
despite the coarse and substantially different FE Mesh, both models deformed 
in an almost identical way (Figure 2.7). However, the upward movement when 
activating the hyoglossus and superior longitudinal muscle was reduced in 
comparison to the Buchaillard et al. [15] model. One explanation was that, 
because of the cubic shaped elements, some FE nodes at the surface were only 
connected to one element. The movement induced in those elements did not 
entirely contribute to the movement of the tongue. Another explanation was that 
not all the jaw attachments were located at the same positions as a result of the 
coarse FE mesh.
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The comparison between the model with 16 mm3 and 39 mm3 elements showed 
hardly any difference in movement between the two (Figure 2.8). With the 
elements larger than 141 mm3 it becomes harder to create a shape resembling 
the surface mesh, but even with this size the simulation still showed comparable 
movements upon muscle activation. Therefore, we can conclude that the size 
of the elements, within reasonable limits, does not affect the simulations at this 
stage of development, but that a small element size is always preferred since they 
result in more detailed shapes.

The patient case demonstrated that the surgery tool is a good starting point in 
creating a usable post-operative model to predict surgical impairment. It also 
showed the importance of choosing the right location and the right amount of 
stiffness. The extension of fibrosis to 14 mm caused the stiffened area to expand 
across the midline of the tongue and resulted in more impaired movement when 
protruding in the up and rightward direction (Figure 2.10). In the non-realistic 
case without fibrosis, the left-right difference is caused solely by the deformed 
model and removed muscle parts. By increasing the stiffness of fibrosis the left-
right difference is reversed. This contralateral motion impairment was clearly 
simulated in our model and was comparable to our patient and patients of a study 
performed by van Dijk et al. [42]. This underlines the importance of better in-vivo 
research on tissue properties, fibrosis, and muscle morphology.

The qualitative comparison showed promising results regarding this technique 
and therefore a quantitative validation is desired. Therefore, we started 
developing a new protocol, comparable to the one of van Dijk et al. [42], to track the 
patient’s tongue motion pre- and post-operatively. When the model has proven to 
be a good predictor of post-treatment functionality also other applications than 
patient counseling could be considered. In the field of speech and swallowing 
rehabilitation, for example, the personalized post-operative model can be used 
to point out alternative muscle sets to compensate for the loss of other muscles 
via inverse modeling. The speech therapist can use the model to determine which 
muscles to train in order to maximize the effect of training. Also, once we have 
achieved an acceptable implementation of fibrosis in the model, various ways of 
wound closure and their influences on the post-operative motion can be analyzed 
in the process of clinical decision making. We believe that these simulations will 
eventually provide a strong support for the patient and the treating physicians in 
both shared decision-making and rehabilitation of the patient.
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ABSTRACT

Purpose: Tongue mobility has shown to be a clinically interesting parameter on 
functional results after tongue cancer treatment which can be objectified by 
measuring the Range Of Motion (ROM). Reliable measurements of ROM would 
enable us to quantify the severity of functional impairments and use these for 
shared decision making in treatment choices, rehabilitation of speech, and 
swallowing disturbances after treatment.

Method: Nineteen healthy participants, eighteen post-chemotherapy patients, 
and seventeen post-surgery patients were asked to perform standardized tongue 
maneuvers in front of a 3D camera system, which were subsequently tracked and 
corrected for head and jaw motion. Indicators, such as the left-right tongue range 
and the deflection angle with the horizontal axis were extracted from the tongue 
trajectory to serve as a quantitative measure for the impaired tongue mobility.

Results: The range and deflection angle showed an excellent intra- and 
interrater reliability (ICC 0.9) The repeatability experiment showed an average 
standard deviation of 2.5 mm to 3.5 mm for every movement, except the 
upward movement. The post-surgery patient group showed a smaller tongue 
range and higher deflection angle overall than the healthy participants. Post-
chemoradiation patients showed less difference in tongue ROM compared 
with healthy participants. Only a few patients showed asymmetrical movement 
after treatment, which could not always be explained by T-stage or the side of 
treatment alone.

Conclusion: We introduced a reliable and reproducible method for measuring the 
ROM and to quantify for motion impairments, that was able to show differences 
in tongue ROM between healthy subjects and patients after chemoradiation or 
surgery. Future research should focus on measuring patients with oral cancer pre- 
and post-treatment in combination with the collection of detailed information 
about the individual tongue anatomy, so that the full ROM trajectory can be used 
to identify changes over time and to quantify functional impairment.
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3.1 INTRODUCTION

Head and neck cancer is the sixth most frequently occurring cancer worldwide. 
Carcinoma of the tongue and base of the tongue account for about 20% of all head 
and neck cancers [1], and incidences are rising, particularly in the oropharynx 
due to HPV infections [2]. Surgery is the most preferred treatment for tongue 
carcinomas, whereas base of tongue carcinomas are mostly treated by organ 
sparing radiation with or without concurrent chemotherapy [3]. In advanced 
cases, both treatments might seriously affect the mobility of the tongue, resulting 
in impaired speech, swallowing, or mastication [4,5].

The current understanding of post-treatment tongue function in clinical practice 
is based on anatomical and physiological reasoning and personal experience. 
Surgical treatment of lateral tongue carcinoma often leads to asymmetrical 
tongue movements [6,7]. With increasing T stage this impairment becomes 
more outspoken and is accompanied by deterioration of speech quality and 
mastication function [8–10]. The organ sparing surgical chemoradiation is usually 
the preferred treatment for base of the tongue tumors, but in advanced cases 
this modality may also lead to serious functional deficits with more impact on 
swallowing than surgery of the mobile tongue [3,11]. Currently, it is not possible 
to accurately predict the functional impairments at an individual level, therefore 
clinical decision making, which implements expected functional sequelae, remains 
mainly dependent on the personal experience of the treating physician.

Tongue mobility has shown to be a clinically interesting parameter on functional 
results and can be objectified by measuring the Range Of Motion (ROM) [12–15]. 
Reliable measurements of impaired ROM would enable us to quantify the severity 
of functional impairments and use these for shared decision making in treatment 
choices, rehabilitation of speech and swallowing disturbances after treatment 
[15,16]. In addition, the ROM and other characteristics of the 3D trajectory of 
the tongue can be used as an input feature for biomechanical models aimed at 
predicting consequences of treatment [17–19]. Classical imaging techniques such 
as video fluoroscopy and ultrasound can visualize the tongue in a sagittal slice 
to evaluate the shape of the tongue in a 2D plane, but are not aimed at tracking 
the 3D position of the tongue [20–22]. Although MRI techniques are rapidly 
advancing, they are still not able to capture the 3D motion of the tongue [23–26]. 
Electromagnetic articulography (EMA) is a reliable technique to measure the 
3D shape of the tongue over time and has, over the past decades, been used in 
research focussed at speech swallowing and mastication function [27–32]. It is, 
however still a very expensive and complicated procedure that is not comfortable 
for the patients.

3
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In 2016, our research group published a paper about a triple camera set up to 
assess 3D ROM information of the tongue tip as a fast, secure and accessible 
alternative for classical imaging techniques and EMA [15]. We showed that this 
was a reliable tool (intraclass correlation of over 0.9) for impaired tongue mobility 
after a partial glossectomy. By manually selecting four landmarks on the head and 
one on the tip of the tongue for every camera position, the distance between the 
interdental papilla and the tip of the tongue was determined. Using this system 
we were able to show impaired mobility to the contralateral side of the resection 
in glossectomy patients [15].

Although the triple camera set-up was sufficient for pointing out differences 
between patients, the technique still had some limitations: a) The maximum 3D 
deflection of the tongue during a specific maneuver was calculated by manual 
selection of the tongue tip in two 2D videos, thereby the full 3D trajectory 
information of the tongue tip was not used. b) For a left-right maneuver, the 
Euclidian distance was used as a measure for the ROM. When the participant 
showed a deviation, other than horizontal, this method tended to overestimate 
the horizontal deflection. c) Jaw movements were not accounted for, and d) Due 
to self-occlusion, the tip of the tongue was often not visible. In these cases, the 
ROM would be inaccurate or even incorrect.

In this study, we describe a 3D tracking tool for measuring the complete trajectory 
of tongue tip movements to address the aforementioned limitations of the triple 
camera set-up. From this trajectory, we can derive indicators which are potential 
quantitative measures for the mobility impairment of the tongue after treatment. 
This comprehensive approach would be more suitable for clinical use and input 
for biomechanical tongue models. The research questions of this study are:

1) What are possible indicators using a 3D tracking tool for impaired 
mobility after tongue cancer treatment?

2) Are these indicators reliable and reproducible?
3) Can the asymmetry of the tongue mobility be quantified?

3.2 MATERIALS AND METHODS

Participants
To determine if the improved method can be used to objectively determine 
asymmetry, we included a total of 57 participants between June 2017 and 
December 2018. Nineteen healthy participants, Nineteen tongue carcinoma 
patients (tumor stages T1-T3 ) who had undergone a partial glossectomy followed 
by primary closure of the defect, and Nineteen patients with a carcinoma 
of the tongue base (tumor stages T1 -T4) who had been treated solely with 
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chemoradiation. All healthy participants were at the age of 18 or older and did 
not have any history of oral cancer or other diseases that might influence the 
mobility of the tongue. In the two patient groups, ROM was measured at least six 
months after treatment. The two patient groups will later be referred to as the 
post-surgery and the post-chemoradiation group, respectively.

All procedures performed in studies involving human participants were in 
accordance with the ethical standards of the medical ethical committee of the 
Netherlands Cancer Institute and with the 1964 Helsinki declaration and its later 
amendments or comparable ethical standards. A written Informed consent was 
obtained from all individual participants included in the study and was approved by 
the medical ethical committee of the Netherlands Cancer Institute (ref: N17SWU).

Experimental setup
The experimental workflow includes acquisition, tracking, processing, and 
extraction of indicators for the tongue mobility impairment, which are explained 
in the next paragraphs and are summarized in Figure 3.1.

Figure 3.1 - Flowchart, summarizing the measurement steps and data processing. The color and out-
line refer to the actuator responsible for potential variation during a specific part of the process.

Acquisition
To measure the position of the tongue tip, a custom-made 3D camera setup 
was used. The setup consists of three Basler® av1000-100gc 100fps cameras, 
horizontally aligned, and targeted at the tongue with an angle of 20⁰ from each 
other (Figure 3.2a). The cameras were calibrated using 300 video frames of a 
checkerboard image and the Matlab® stereo-calibration tool. To enable tracking 
of the tongue tip, a paper marker was designed (Figure 3.2b). This marker-design 
features a 3D paper cube to ensure that the marker is visible from every angle. 
Additional markers were placed on the glabella, apex of the nose and mental 
region to enable tracking of the head and jaw (Figure 3.3). The caruncles of the 
eyes did not require external markers as they are distinguishable landmarks.

3
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Figure 3.2 - Requisites for ROM measurement. (a) The triple camera system. (b) The tongue marker, 
3D paper cube, placed on the tongue tip of a healthy participant.

Figure 3.3 - An illustration of a participant’s head and all landmarks and tongue maneuvers. The 
tongue maneuvers are visualized as black arrows. Markers on were placed the head, chin and nose of 
the participant in order to track them. The caruncles of the eyes do not require external markers as 
they are a distinguishable facial feature. (Illustration designed by Vectorpouch / Freepik)
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After the paper marker was placed on the tongue tip by the observer, the 
recording was started and participants were asked to perform three different 
maneuvers:
- Protrusion left to right with the tongue
- Protrusion down to up with the tongue
- Showing the maxillary central incisors

The participants were instructed to always protrude the tongue as far as possible 
in all directions (Figure 3.3).

Tracking
A user interface was developed to extract and process the ROM trajectory from 
the three videos cameras. First, the locations of six landmarks were selected: 
the caruncles of the eyes, glabella, nose point, tongue point and mental region 
(Figure 3.3). Using the Lucas Kanade tracking algorithm implemented by Matlab 
(MatWorks, 2018b) the six points were tracked until the end of the video. Manual 
interference was possible to adjust for tracking failures. Using the camera calibration 
parameters, calculated by the stereo-calibration tool in Matlab (MathWorks, 
2018b), the 3D positions of all tracked makers over time were reconstructed. 
The trajectory of the tongue tip was smoothed and equidistantly resampled. 
Time stamps were added manually to label the start and end of the maneuvers.

Processing
The 3D trajectory of the tongue tip was processed in order to compensate for 
head movements. For this purpose, a reference video frame wherein the maxillary 
central incisors were visible was chosen. In this reference frame five points were 
selected: the caruncles of both eyes, in between the crowns of the maxillary 
central incisors, the marker on the glabella and the marker on the apex of the 
nose. For each video frame 𝑖𝑖 

- Range 𝑅𝑅!  and 𝑅𝑅"  : the maximal deviation of the tongue tip in the positive and negative X 
direction, while performing the left to right protrusion respectively (Fout! Verwijzingsbron 
niet gevonden.). This is, effectively, the extreme position of the tongue tip projected on 
the horizontal plane. The range of the up and down movement, 𝑅𝑅# and 𝑅𝑅$, is defined 
likewise in the Y direction. The range 𝑅𝑅% of the forward protrusion is defined in the Z 
direction. 

Deflection angles to the right and the left (𝜑𝜑&  and 𝜑𝜑!): Patients who underwent surgery 
often have difficulties to move the tongue tip to the desired position. 
 

RReeppeeaattaabbiilliittyy  ooff  tthhee  iinnddiiccaattoorrss  wwiitthh  aanndd  wwiitthhoouutt  jjaaww  ccoommppeennssaattiioonn    
The main outcomes of our method are the range and deflection angle indicators. The 
repeatability of the indicators was assessed by measuring and processing a single healthy 
participant five times under the same conditions. The mean (μ) and the standard deviation 
(σ) are calculated with and without jaw-movement compensation for every maneuver. To 
compare standard deviations between maneuvers the coefficient of variation (cv) is 
calculated for every indicator using: 
	

	𝑐𝑐'	)	
𝜇𝜇
𝜎𝜎
	 𝐸𝐸𝐸𝐸	3.1 

Comparison with clinical expectations 
Since we only have healthy or post-treatment measurements, we can only focus on the 
asymmetry of a participant and the differences between groups. Therefore, the total range 
and deflection angle are calculated: 
The total range from left to right: 
 

𝑅𝑅*+*,! =	𝑅𝑅& + 𝑅𝑅! 𝐸𝐸𝐸𝐸	3.2 
The combined deflection angles from left and right: 
 

𝜑𝜑*+*,! =	𝜑𝜑& + 𝜑𝜑! 𝐸𝐸𝐸𝐸	3.3 
To emphasize the asymmetry, the difference between the ipsilateral and contralateral 
deflection angle (𝜑𝜑-./	and 𝜑𝜑0+1*&,, respectively) is calculated: 
 

𝜑𝜑$-% =	𝜑𝜑-./ − 𝜑𝜑0+1*&, 𝐸𝐸𝐸𝐸	3.4 
Where 𝜑𝜑-./ equals either 𝜑𝜑&  or 𝜑𝜑!  depending on which side was affected.  
The tumor stage (T-stage) is widely used as a parameter to categorize tumors and to 
differentiate patients regarding functional loss[33]. Therefore, asymmetry of the tongue 
range to the left and right will be compared between the two patient groups and tumor 
stage. Before the ranges can be compared, they have to be 
normalized:

𝑅𝑅-./,1+&34$ =
"!"#
"$%$&'

	𝑅𝑅0+1*&,,1+&34$ =
"(%)$*&
"$%$&'

𝐸𝐸𝐸𝐸	3.5 
Where 𝑅𝑅-./ equals either 𝑅𝑅&  or 𝑅𝑅!  depending on which side is affected. The ratio between 
normalized tongue ranges can be calculated by: 
 

𝑅𝑅$-% =
"!"#5"(%)$*&

"$%$&'
𝐸𝐸𝐸𝐸	3.6 

, these points were used in a Procrustes algorithm 
to obtain the 4x4 transformation matrix refT(i) that represents the 3D pose of the 
head in video frame i relative to the 3D pose of the head in the reference video 
frame. The transformation matrices refT(i) were applied to the reconstructed 3D 
positions of the tongue tip and jaw so that they are all expressed in the single 
coordinate system, which is associated with the reference video frame. The origin 
of this reference coordinate system was set at the junction between the crowns 
of the maxillary central incisors in the reference video frame (Figure 3.4). The 
X-axis was aligned with the caruncles and the Y-axis was therefore positioned 
in-between the caruncles and perpendicular to the X-axis. The Z-axis was placed 
perpendicular to the plane formed by the caruncles and the junction between the 
maxillary central incisors (Figure 3.4).

3
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Figure 3.4 - A 3D reconstruction of a participant and its tongue trajectory. The tongue trajectory rep-
resented in red. The planes of the coordinate system are transparent green. A point cloud of the face 
is plotted as a reference for the location of the head.

Additionally, the trajectory of the tongue tip was corrected for jaw movement. 
During the down-up movement, the video frame wherein the tongue marker was 
closest to the horizontal plane (X-0-Z plane) was chosen as the reference video 
frame. The position of the jaw marker in this frame was used as a reference for jaw 
movement. The relative displacement of the jaw, seen from this reference point, 
was subtracted from the tongue tip trajectory.

Indicators for tongue mobility impairment
To interpret the resulting 3D tongue tip trajectory, aspects of this trajectory need 
to be translated into indicators. The following indicators were extracted from the 
tongue tip trajectory:

- Range 

𝑖𝑖 
- Range 𝑅𝑅!  and 𝑅𝑅"  : the maximal deviation of the tongue tip in the positive and negative X 

direction, while performing the left to right protrusion respectively (Fout! Verwijzingsbron 
niet gevonden.). This is, effectively, the extreme position of the tongue tip projected on 
the horizontal plane. The range of the up and down movement, 𝑅𝑅# and 𝑅𝑅$, is defined 
likewise in the Y direction. The range 𝑅𝑅% of the forward protrusion is defined in the Z 
direction. 

Deflection angles to the right and the left (𝜑𝜑&  and 𝜑𝜑!): Patients who underwent surgery 
often have difficulties to move the tongue tip to the desired position. 
 

RReeppeeaattaabbiilliittyy  ooff  tthhee  iinnddiiccaattoorrss  wwiitthh  aanndd  wwiitthhoouutt  jjaaww  ccoommppeennssaattiioonn    
The main outcomes of our method are the range and deflection angle indicators. The 
repeatability of the indicators was assessed by measuring and processing a single healthy 
participant five times under the same conditions. The mean (μ) and the standard deviation 
(σ) are calculated with and without jaw-movement compensation for every maneuver. To 
compare standard deviations between maneuvers the coefficient of variation (cv) is 
calculated for every indicator using: 
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Comparison with clinical expectations 
Since we only have healthy or post-treatment measurements, we can only focus on the 
asymmetry of a participant and the differences between groups. Therefore, the total range 
and deflection angle are calculated: 
The total range from left to right: 
 

𝑅𝑅*+*,! =	𝑅𝑅& + 𝑅𝑅! 𝐸𝐸𝐸𝐸	3.2 
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deflection angle (𝜑𝜑-./	and 𝜑𝜑0+1*&,, respectively) is calculated: 
 

𝜑𝜑$-% =	𝜑𝜑-./ − 𝜑𝜑0+1*&, 𝐸𝐸𝐸𝐸	3.4 
Where 𝜑𝜑-./ equals either 𝜑𝜑&  or 𝜑𝜑!  depending on which side was affected.  
The tumor stage (T-stage) is widely used as a parameter to categorize tumors and to 
differentiate patients regarding functional loss[33]. Therefore, asymmetry of the tongue 
range to the left and right will be compared between the two patient groups and tumor 
stage. Before the ranges can be compared, they have to be 
normalized:
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niet gevonden.). This is, effectively, the extreme position of the tongue tip projected on 
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likewise in the Y direction. The range 𝑅𝑅% of the forward protrusion is defined in the Z 
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): Patients who underwent 
surgery often have difficulties to move the tongue tip to the desired position. A 
way to express this is by calculating the angle between the axis of the instructed 
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direction (X-axis for left and right) and the line from the tongue tip at maximum 
range to the origin over the XY plane (Figure 3.5).

The 3D trajectory expressed in the coordinate system enables calculation of 
areas and 3D volumes that could cover all, or parts, of the maneuver. Since the 
current dataset only contains healthy or post-treatment measurements it is not 
possible to explore and demonstrate the added value in objectifying functional 
loss. Therefore, we focus on asymmetries between participants and overall 
differences between groups only using the ranges and deflection angles of the 
maneuvers.

Figure 3.5 - Definition of the tongue’s range (blue) and deflection angle (green) to the left side. The 
definition is based on the projection of the tongue tip (red circle) on the XY plane. The right side is a 

mirrored version of the left side. (background design by Freepik)

Validation of the method
The performance of this method depends on the variation that is induced by both 
the participant, the observer, the camera system and the software (Figure 3.1). 
The camera system was already validated in a previous study [15]. The root 
mean square error, for selecting a marker in 3D space, was 0.73 mm, which was 
estimated using a leave-one-out method.

3
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Chapter 3

Intrarater and interrater reliability
The observer plays a key role in some important parts of the process. It is essential 
that landmarks are selected and tracked in a reproducible way by the observers. 
Using the intra- and interrater reliability of two observers, expressed in the 
Intraclass Correlation Coefficient (ICC 2.1 & 3.1), we determined whether the 
manual interference in the tracking and processing steps is reliable. The ICC of the 
range and deflection angle indicators are measured using nine healthy participants. 
An ICC of more than 0.75 is considered an excellent agreement, and an ICC less 
than 0.4 a poor agreement. This was computed using SPSS (Version 25, IBM, 2018).

Repeatability of the indicators with and without jaw compensation
The main outcomes of our method are the range and deflection angle indicators. 
The repeatability of the indicators was assessed by measuring and processing 
a single healthy participant five times under the same conditions. The mean (μ) 
and the standard deviation (σ) are calculated with and without jaw-movement 
compensation for every maneuver. To compare standard deviations between 
maneuvers the coefficient of variation (c

v
) is calculated for every indicator using:
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𝑖𝑖 
- Range 𝑅𝑅!  and 𝑅𝑅"  : the maximal deviation of the tongue tip in the positive and negative X 

direction, while performing the left to right protrusion respectively (Fout! Verwijzingsbron 
niet gevonden.). This is, effectively, the extreme position of the tongue tip projected on 
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likewise in the Y direction. The range 𝑅𝑅% of the forward protrusion is defined in the Z 
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3.3 RESULTS

Intrarater and interrater reliability of tracking and processing
The mean intra- and interrater reliability for the range and deflection angle are 
well above the ICC of 0.9 for all the measurements (see Table 3.1).

Table 3.1 - Intra- and interrater correlation coefficients for the range and deflection angle of nine 
healthy participants.

Range Deflection angle

Intrarater (Jaw-comp)
ICC: 3,1

0.97 (0.95 – 0.99) 0.95 (0.90-0.97)

Interrater (Jaw-comp)
ICC: 2,1

0.96 (0.93 – 0.98) 0.92 (0.84-0.96)

Repeatability of the indicators with and without jaw compensation
The mean coefficient of variation (c

v
) of the range and the σ for both the range 

and deflection angle are shown in Figure 3.6. The measured ranges, excluding 
the up-maneuver, show a c

v
 of about 7% ( σ of 3.5 mm ) which, by adding the 

jaw-movement compensation, decreases to about 5,5% (σ of 2.5 mm). The up 
movement could not be reproduced as well as the other maneuvers; even though 
the σ of the up maneuver is only about one mm larger than the other maneuvers, 
the range is very small, which results in a relatively large error (c

v
 of 40%). The 

deflection angle also follows a similar pattern with the exception that the s is 
slightly larger when using jaw-movement compensation.
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Figure 3.6 - Repeatability of the tongue’s range and deflection angle indicators. Indicators with (black) 
and without jaw-movement compensation (white) are shown in bar plots in their specific unit meas-
ure. (a) the coefficient of variation (C

v
 ) of the tongue range in mm. (b) standard deviation (σ) of the 

tongue range in mm. (c) standard deviation (σ) of the tongue’s deflection angle in angular degrees.

Participant characteristics
Two post-surgery patients were excluded. One patient could not understand the 
instructions and the other had undergone a re-resection that was not previously 
known by the researcher. One chemoradiation patient was excluded because 
the marker on the mental region was not visible in many of the video frames. No 
healthy participants were excluded.

Eventually, we included 19 healthy, 17 post-surgery and 18 post-chemoradiation 
participants. The characteristics of these groups are summarized in Table 3.2.



79

Quantification	of	tongue	mobility	using	optical	tracking	

Table 3.2 - Participant characteristics

Group Median age 
(Range)

Tumor 
location L/R

Tumor stage T 
1/2/3/4

Time after 
treatment in 
weeks

Healthy participants 53 (23-71) - - -

Partial surgery 
(mobile tongue)

65 (51-84) 6/11 7/9/1/0 162 (43-310)

Post-chemoradiation 
(base of the tongue)

65 (48-79) 11/7 4/7/3/4 182 (21-706)

Comparison with clinical expectations
In Figure 3.7 the total range from left to right (𝑅𝑅!"!#$  
 

𝜑𝜑!"!#$  
 
Without preoperative measurements, the asymmetry between the ipsilateral and 
contralateral movements, 𝜑𝜑%&' and 𝑅𝑅%&', is a more suitable measure for impairment than  
 

) of all participants are 
expressed in bar plots. In this figure, the range is divided into bins of 10 mm 
for every participant group. The normalized counts per bin are expressed in 
percentages. The healthy participants clearly have the largest total range with 
the highest percentage around 85 mm whereas the post-surgery patients peak 
around 60 mm. Post-chemoradiation is right in between those two groups.

We observe an inverse relationship if we compare the size of the total deflection 
angles (

𝑅𝑅!"!#$  
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Without preoperative measurements, the asymmetry between the ipsilateral and 
contralateral movements, 𝜑𝜑%&' and 𝑅𝑅%&', is a more suitable measure for impairment than  
 

) of the left and the right maneuver (Figure 3.8): the patients have 
more difficulties moving the tongue tip horizontally to the left or to the right than 
the healthy participants.

Figure 3.7 - The total range of the tongue (𝑅𝑅!"!#$  
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Without preoperative measurements, the asymmetry between the ipsilateral and 
contralateral movements, 𝜑𝜑%&' and 𝑅𝑅%&', is a more suitable measure for impairment than  
 

) for healthy, post-chemoradiation and post-surgery 
participants. The graph shows the percentage of participants that exhibit a certain range of tongue 
motion when moving from left to right within a specified interval.
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Figure 3.8 - The total deflection angle of the tongue (
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) for healthy, post chemoradiation and 
surgery participants. The graph shows the percentage of participants that exhibit a total deflection 
angle for the left and right movement within a specified interval.

Figure 3.9 - The difference between Ipsilateral deflection angle and contralateral deflection angle  
(
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 is divided in bins of 10 angular degrees. For healthy participants, this is the difference 

between left and right deflection angle

Without preoperative measurements, the asymmetry between the ipsilateral 
and contralateral movements, 
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 and 
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, is a more suitable measure for 
impairment than the total distance or angle. For comparison, the difference 
between left and right among healthy participants are shown in the upcoming 
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figures. Figure 3.9 shows that most of the healthy participants express fairly 
symmetric behavior in moving tongue to the left and right at the same deflection 
angle. While most patients show this same symmetric behavior, about one-third of 
both patient groups show an asymmetry between the ipsilateral and contralateral 
angle (
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) of more than 10 degrees.

When looking at the difference between the normalized ipsilateral and 
contralateral range (
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), we see a pattern that is comparable to the deflection 
angle (Figure 3.10). While most of the healthy participants only show a 0.1 
difference on a -1 to 1 scale, the post-surgery patients can show differences of 
well over 0.2. The impairments seen at both patient groups is predominantly to 
the contralateral side. The majority of patients do not show asymmetries that are 
distinguishable from the healthy participants.

Figure 3.10 - Normalized difference between ipsilateral and contralateral range (

𝑅𝑅!"!#$  
 

𝜑𝜑!"!#$  
 
Without preoperative measurements, the asymmetry between the ipsilateral and 
contralateral movements, 𝜑𝜑%&' and 𝑅𝑅%&', is a more suitable measure for impairment than  
 

). 

𝑅𝑅!"!#$  
 

𝜑𝜑!"!#$  
 
Without preoperative measurements, the asymmetry between the ipsilateral and 
contralateral movements, 𝜑𝜑%&' and 𝑅𝑅%&', is a more suitable measure for impairment than  
 

 is divided 
in bins of 0.1 on a -1 to 1 scale. For healthy participants, this is the difference between left and right 
deflection range.

To visualize the influence of tumor stage, the absolute differences between the 
normalized ipsilateral and the contralateral range (
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) are shown in boxplots per 
T stage in Figure 3.11. The boxplot shows that the median of the difference does 
not differ much with increasing T-stage, but it shows an increased variability and 
an extended upper quartile of the boxplot that is especially predominant within 
the patient groups. Four patients with T4 tumors treated with chemoradiation 
showed no asymmetry.
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Figure 3.11 - Absolute normalized difference between ipsilateral and contralateral range (
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) 
 grouped in T-stage and participant group. The healthy participants group is black, post-chemora-
diation is grey and post-surgery is white. The median is shown in dark-grey. There was only one T3 
post-surgery patient which is shown as a small stripe. Created using SPSS statistics version 25 (IBM)

Figure 3.10 shows that in patients with asymmetrical movement the impairment 
is predominant on the contralateral side for a small number of patients. Since the 
range is now measured over an axis using a coordinate system, it is not possible 
to compare this data directly to our former study wherein only the Euclidean 
distances were compared. To show that the post-surgery group is comparable to 
our former study we calculated the Euclidean distances between the two central 
incisors and the tongue tip for both the ipsilateral and contralateral movement 
[15]. The results in Table 3.3 show that the mean Euclidian distance of our patient 
population is 2 mm smaller in both directions compared to the former study. 
While showing a significant difference between ipsilateral and contralateral, the 
Euclidian distance is still highly dependent on the initial pre-treatment ROM, and 
is therefore not as trustworthy as normalized measures.

Table 3.3 - Comparison of the mean Euclidian distance for ipsilateral and contralateral movement 
between the current study and the former study of van Dijk et al. [15].

Euclidian distance Current study (N=17) Former study (N = 10)

ipsilateral 45.6 mm(7.9) 47.5mm (7.0)

Contralateral 40.8 mm(7.1) 42.2mm (5.8)

p-value 0.016 < 0.001



83

Quantification	of	tongue	mobility	using	optical	tracking	

3.4 DISCUSSION

Tongue mobility impairment, for which ROM is an objective measure, has proven 
to be an important estimate for oral functions like speech [12]. A reliable method 
is therefore essential for both research and clinical practice. By elaborating on 
previous work, we created a method to track tongue tip trajectories and put these 
in perspective by introducing a coordinate system based on facial features [15]. 
This coordinate system enables localization of the tongue tip at every moment 
during tracking. By also compensating for head and jaw motion, this method proves 
to be a robust tool to measure the ROM more accessible and easier to use than 
other common techniques such as video fluoroscopy, CT, MRI, Ultrasound or EMA.

The range and deflection angle extracted from the 3D tongue tip trajectory showed 
excellent reliability with ICC’s above the 0.9, which is the same as or former study 
[15]. The repeatability experiment showed an overall small standard deviation of 
2.5 mm to 3.5 mm for every movement, except for the upward movement. We 
experienced that the up movement was hard to perform and to reproduce for the 
healthy participants and impossible to perform for about half of the patients.

In addition, other indicators such as volumes, areas and more indicators from 
the Y and Z axis, which could be derived from the trajectories, were considered. 
While these could be of use when comparing the ROM of a single participant 
over time, it showed no additional value when comparing indicators between 
participants and patients using our current post-treatment dataset. Furthermore, 
measurement errors will rise exponentially when indicators are derived from 
multiple measurement points.

The addition of the jaw-movement compensation lowered the standard deviation 
for the range indicators and increased the standard deviation of the deflection 
angle by a small amount. While the differences in standard deviation are very 
small, the benefit of adding jaw-movement compensation is large, because some 
participants displayed more inherent jaw movements than others. This was mainly 
visible in compensatory behavior in healthy participants and patients with a very 
small ROM. A limitation of the jaw compensation was that some participants 
were able to cover their mandible area during the downward movement for which 
manual adjustment was needed.

In order to translate the tongue tip trajectory to interpretable results, we 
introduced a coordinate system. We choose to determine the coordinate system 
based on the maxillary incisors and the caruncles of the eyes because these 
points are fixed facial features that will retain the same location after tongue 
cancer treatment. This makes this system particularly suitable for repeated 
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measurements of a single individual over time. The limitation, however, is that the 
orientation of the coordinate system will differ between individuals, as the eyes and 
the maxillary incisors are not aligned at the same angle. At this moment, there is no 
definitive solution to this problem. However, this will not influence the horizontal 
moments, which will, therefore, be more suitable to compare between individuals.

While large parts of the method are automated, some key parts of the method still 
depend on human interaction. During the acquisition, variation could be induced by 
misplacing the marker, insufficient instructions or non-compliance by the patient. 
In addition, the observer is responsible that the automatic tracking is performed 
properly. We found that in some cases the tracked 3D position drifted off over time 
due to small discrepancies between the tracked location in the three videos. A small 
error in one or two of the three videos can lead to a misinterpreted 3D location 
of the landmark, mainly in the transverse plane (or Z-axis). In a future release 
aimed at performing measurements in a clinical setting, an automated feedback 
system could inform the observer about significant back-projection errors. The 
system could also be improved by adding more cameras at different heights.

Tracking a single point in space is very quick, convenient and inexpensive. The 
measurements performed on patients were finished within minutes without any 
discomfort. This is an advantage in comparison to EMA which takes time to set up, is 
expensive, and uncomfortable for patients. However, measuring only one point has 
its limitations. The shape and position of the rest of the tongue remains unknown, 
which makes a ROM measurement at a single moment less useful speech and 
swallowing analysis. The ROM measurements are most useful when measured over 
a period of time to quantify the improvement or deterioration of tongue motion.

Comparison with clinical expectations
Tongue movement varies greatly between participants. In our study, the range 
from left to right (𝑅𝑅!"!#$  

 
𝜑𝜑!"!#$  

 
Without preoperative measurements, the asymmetry between the ipsilateral and 
contralateral movements, 𝜑𝜑%&' and 𝑅𝑅%&', is a more suitable measure for impairment than  
 

) within healthy participants varies from 60 mm to over 
100 mm (Figure 3.7). Because of this variation, it is not possible to distinguish an 
individual patient from a healthy participant purely on the range or deflection 
angle; but as a group, they are clearly distinguishable in Figure 3.7 and Figure 3.8. 
We can, therefore, assume that in general, a post-surgical patient not only has a 
smaller range, which was expected based on previous research but also has a larger 
deflection angle compared to healthy participants. The post-chemoradiation 
patients are in between those two groups, which was expected based on the fact 
that no tissue is removed and that these tumors involve the base of the tongue, 
that more often results in problems with swallowing rather than problems with 
lateral movement of the mobile tongue [3,11].
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However, using only post-treatment data, a fair comparison was only possible by 
comparing the contralateral and ipsilateral properties between participants. Based 
on previous studies we hypothesized that impaired motion to the contralateral 
side would be predominant [15]. In Figure 3.10 the largest impairments are seen 
when moving to the contralateral side, however, this is not always the case. Only 
four post-surgery and three post-chemoradiation participants showed a serious 
contralateral impairment. No dominant impairment to a side is visible when 
looking at the difference between deviation angles (
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) in Figure 3.9. This is in 
line with studies that show that the side affected by the defect does not matter 
or not always lead to lateralization problems[6,13]. However, when calculating 
the Euclidean distance for the left to right movement, a significant contralateral 
impairment, comparable with our previous study, is visible (Table 3.3) [15]. We 
hypothesize that the combination of the contralateral range and angle result in 
a mean Euclidean contralateral distance that is significantly different from the 
ipsilateral distance. However, based on the variation seen in the other Figures 
(Figure 3.7, Figure 3.8 and Figure 3.9) we assume that this is the case for only 
some post-surgery patients.

It is clear that some parameters are responsible for the large variation between 
the three groups. The upper quartile in Figure 3.9 reflects that a substantial 
amount of patients have an increased asymmetric movement of the tongue with 
increasing T-stage, which was expected based on literature [33,34]. However, 
while the variation in asymmetry increases with T-stage and type of treatment, 
the median does not, which is largely in line with the rest of the results. The same 
can be found in other literature such as Zuydam et al. [8] where speech scores after 
surgery are overlapping between T-stages or did not yield significant correlation 
with speech function [8,10]. Furthermore, it is shown in previous literature 
that post-operative impairment not only depends on the size and location of 
the treatment but also on the amount of scar tissue and compensatory tongue 
motion patterns [12,14]. In the case of a T4, the tumor usually also involves other 
tissues in the oropharynx where we cannot account for. The inclusion of these 
parameters would require a larger study population and would be outside the 
scope of this paper. Furthermore, data about the resection volume and location 
that were collected retrospectively are rarely precise. Future studies should focus 
on collection of detailed information on size, tissue-, muscle- and innervation-
properties of the tongue. To analyze the effects on ROM in detail, location and 
size of the treated area of the tongue in patients should be included as well. Also, 
pre- and post-treatment measures of swallowing and assessment of speech 
quality and intelligibility can be used to assess if ROM is a valuable tool for the 
prediction of function loss.

3
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3.5 CONCLUSION

We elaborated on previous work of van Dijk et al. [15] to introduce an improved 
reliable and reproducible method to measure the ROM and to quantify for 
motion impairments as a fast, secure, and accessible alternative for classical 
imaging techniques and EMA. Using this method, the exact location of the 
tongue tip can be tracked throughout different tongue maneuvers, while also 
compensating for head and jaw movement, and thus extending the possibilities 
of ROM measurements. This way of objectively obtaining the ROM of the tongue 
tip is essential for methods aimed at predicting treatment outcome, such as 
biomechanical prediction models, as an addition to the shared decision making 
in treatment choices. Moreover, it would also greatly improve the objectivity of 
determining progress during logopedic treatment and rehabilitation in which 
improvement lingual mobility is the primary focus [16].

With this improved method, we explored the various indicators from which 
tongue range and deflection angle could be explored and validated using our 
dataset. From the post-surgery and post-chemoradiation patients, only a small 
part showed asymmetrical movements, which could not always be explained by 
T-stage or the side of treatment alone. Future studies should focus on measuring 
ROM in patients with oral cancer pre- and post-treatment in combination with 
functional measures and detailed characteristics of the treatment to show if a 
change in ROM is predictive for functional loss.
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ABSTRACT

The importance of tongue mobility on speech, oral food transport, and swallowing 
is well recognized. However, whether the individual tongue mobility influences 
postoperative function in oral cancer treatment remains to be elucidated. This 
study assesses the ability to perform five tongue movements as rolling, twisting 
(two sides), folding, and the ‘cloverleaf’ in a healthy population. Because a tumor in 
oral cancer patients often restricts the mobility of the tongue, it might be helpful 
to know if it is possible to recall any of those movements without demonstrating it.

Two observers asked 387 Dutch healthy adults if they could perform one of the 
five specific tongue movements and were subsequently asked to demonstrate the 
five movements.

The distribution in the Dutch population is: rolling: 83.7%, cloverleaf: 14.7%, 
folding: 27.5%, twisting left: 36.1% and twisting right: 35.6%. The percentage of 
people that can fold their tongue is almost ten times higher (3% versus 27.5%) 
than in previous research, and it was found that the ability to roll the tongue is 
not a prerequisite for folding of the tongue. A relationship between gender or 
right-handedness and the ability to perform certain tongue movements could 
not be found. Of the participants, 9.9% and 13.1% incorrectly assumed that they 
could demonstrate tongue rolling and cloverleaf. Tongue folding and twisting 
(left or right) were incorrectly assumed in 36.9%, 24.1%, and 25.4% of the cases. 
Rolling and cloverleaf are preferred for future prediction models because these 
movements are easy to recall without demonstrating.
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4.1 INTRODUCTION

The importance of tongue mobility on speech, oral food transport, and swallowing 
is well recognized. Particularly in oral cancer treatment, the prediction of function 
loss deserves a lot of attention [1–5]. However, whether the individual tongue 
mobility influences postoperative function remains to be elucidated [6].

The first article about tongue movements dates back to 1940 and since then, 
limited data have been published. Six specific tongue movements have been 
described thus far, being: Rolling, Folding, Twisting (2 sides), Cloverleaf, and the 
Pointing tongue [7].

The percentage of people who can roll the tongue varies from 60% to 80% [8–
15] and the average percentage of tongue folding lies between 1.5 % and 3% 
[10,16,17]. The capability of tongue folding is believed to depend on the presence 
of the tongue rolling gene [9,10,18], but the genetic evidence is doubtful for other 
movements since little has been published about other features of the tongue, 
such as the ‘cloverleaf’ tongue [10,12].

Most of the published data showed no differences for tongue rolling, tongue 
folding, and the ‘cloverleaf’ tongue between sexes [8,10,11,13,14,16]. One study 
showed a sex difference in the ability to fold and roll the tongue in favor of women 
[12]. Furthermore, one study showed that right-handed women were able to roll 
the tongue significantly more compared to right-handed men [15].

The main purpose of this study is to assess the ability to perform five of the before 
mentioned tongue movements as rolling, twisting (two sides), folding, and the 
‘cloverleaf’ in a healthy population (Figure 4.1). The sixth skill, a pointing tongue, 
is omitted because the authors thought this movement is too difficult to judge 
objectively.

Furthermore, we want to investigate if people are aware if they possess the ability 
to perform any of the specific tongue movements. Some patients do better after 
partial glossectomy than others, but the reason for this is not always clear.

The muscle topology of the tongue is overall the same among humans, but the 
innervation is known to differ between individuals [19,20], which might contribute 
to the individual versatility of this organ. Pretreatment exercises can influence 
the postoperative strength and function, and in general, it is assumed that a better 
preoperative condition also benefits postoperative compensatory movements 
[21,22]. It is hypothesized that genetically determined versatility of the tongue 
could be indicative of the rehabilitation results by the residual mobile capacity. 

4
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Currently, there’s no literature available suggesting any correlation. However, it 
is logical to assume that the ability to perform any of the aforementioned specific 
tongue movements are a derivative of neural control and mobility. Therefore it 
could be a decisive factor for the prediction of expected postoperative tongue 
function. Since tongue cancer interferes with the mobility of the tongue, it 
is a prerequisite that patients can reliably recall if they mastered the task of 
movement before the tumor occurred.

In summary, the study aims to assess the distribution of five specific tongue 
movements in a healthy population. Secondly, the awareness of these abilities will 
be assessed and possible differences in gender and handedness will be evaluated.

4.2 METHOD

Two observers performed a survey of Dutch healthy volunteers (18+) recruited 
at common gathering spots in our institute for four consecutive days. During this 
period, 387 surveys were conducted, which was enough to reach 95% confidence 
intervals of less than ±5% for all movements considering the previous results of 
LU [7]. All volunteers were employees of different departments and a variety of 
functions. Characteristics that were taken into evaluation were gender, native 
language, and left- or right-handedness. Exclusion criteria were: (history of) a 
tumor in the oral cavity and any (neuromuscular) condition that might influence 
the mobility of the tongue. The survey contained two parts. In the first part 
participants answered two questions I: ”Do you know any of the five movements 
as tongue rolling, folding, twisting, and the ‘cloverleaf’ tongue?”. A picture of the 
five tongue movements was shown during the question (Figure 4.1). Question II: 
”Do you possess any of the tongue mobility features, and when YES; which ones?”. 
During the second part, participants showed if they were able to demonstrate the 
five movements.

Each participant was rated by one of the two raters according to the pictures in 
Figure 4.1. A participant was either scored as capable (1) or as incapable (0) for 
each of the five tongue movements. Each participant could make three attempts 
to perform any of the movements. It was allowed to use a mirror during the 
assessment. When participants accomplished only a part of the movement this 
was scored as 0: incapable.

Participants were recruited on the institute premises and consisted of employees. 
All procedures performed in studies involving human participants were in 
accordance with the ethical standards of the medical ethical committee of the 
Netherlands Cancer Institute and with the 1964 Helsinki declaration and its later 
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amendments or comparable ethical standards. Written Informed consent was 
obtained from all individual participants included in the study.

Figure 4.1 - An image with the five specific movements shown to participants just before they are 
asked about their ability to perform one of the movements. I: rolling, II: cloverleaf, III: folding, IV: twist-
ing left, V: twisting right, folding, III. This image was adapted from Lu [7].

Statistical Analysis
The Pearson Chi-square test was used to assess the correlation between participant 
characteristics and the ability to perform one of the five tongue movements. The 
same test was used to assess if there is was a significant difference between the 
two raters. Because all participants were only rated once, no interrater reliability 
assessment was performed. For all primary outcome measures the confidence 
interval for proportions was calculated using the following formula [23]:
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4.3 RESULTS:

Participant characteristics
From the 387 participants on whom the survey was performed, 13 were excluded 
because of incomplete data, resulting in 374 included participants. The mean 
age was 37 years, ranging from 19 to 64 years old, 61% were females, and 85.8% 
were right-handed. This survey was performed on employees of the Netherlands 
Cancer Institute and 92.5% spoke Dutch as their native language.
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The Pearson Chi-Square did not show any association between handedness or 
gender and the ability to perform a certain movement (P >0.05, Table 4.1).

Table 4.1 - The Pearson chi-square test and significance value for each of the movements vs 
handedness or gender.

Pearson Chi-Square Asymptotic Significance (2-sided)

Handedness Gender Handedness Gender

I : Rolling 0.894 0.567 0.334 0.753

II : Cloverleaf 0.80 1.018 0.777 0.601

III: Folding 0.18 2.847 0.893 0.241

IV: Twisting (left) 0.10 1.595 0.921 0.451

V: Twisting (Right) 0.035 1.688 0.852 0.430

Agreement researchers
A chi-square test was performed for the two raters and every type of tongue 
movement (Table 4.2). The test showed no association with the observer and the 
outcome (P > 0.05).

Table 4.2 - Pearson chi-square test and significance value to test if the difference between raters is 
significant.

Pearson Chi-Square Asymptotic Significance (2-sided)

I : Rolling 2.354 0.125

II : Cloverleaf 3.061 0.080

III: Folding 3.566 0.059

IV: Twisting (left) 0.877 0.349

V: Twisting (Right) 0.079 0.778

Table 4.3a shows the percentage of the participants that can and think they can 
perform a certain type of movement. Tongue rolling is the easiest tongue movement 
which can be done by 83.7% of the participants, and only 9.9% misjudge their 
ability to do so (Table 4.3b). The cloverleaf is the hardest movement to carry out; 
only 14.7% of the participants could do so. The misjudgment for this movement is 
relatively low, as can be seen in Table 4.3b. The 95% confidence intervals remained 
< ±5% for all movements. Table 4.3b also shows conditional probabilities, for 
example, the percentage from the participants that think they can fold, but cannot 
(3b, type1). Almost half of the participants think they can make a folding or a left/
right twist with their tongue, while the actual success rate is about 8-16% less. 
The misjudgment (Table 4.3b) of these three movements varies between 24% and 
37%. Folding is the most overestimated movement since 56.3% of the participants 
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(Table 4.3b, type 1) failed. As a result of smaller subgroups, some combinations of 
misjudgments of movements have 95% confidence intervals > ±5%.

Table 4.3 - Percentages and 95% confidence interval of the participants who a) can / think they can b) 
judged their ability wrong by type 1: think they can but actually cannot and type 2: think they cannot 
but actually can.

a)
Abilities

I: Rolling II: Cloverleaf III: Folding IV: Twisting 
(left)

V: Twisting 
(Right)

Can 83.7% ±3.7 14.7% ±3.5 27.5% ±4.5 36.1% ±4.9 35.6% ±4.9

Think 77.0% ±4.3 5.3% ±2.28 43.6% ±5 43.6% ±5 44.9% ±5

b)
Wrong 
judgment

9.9% ±3.0 13.1% ±3.4 36.9% ±4.9 24.1% ±4.3 25.4% ±4.4

Type 1:
Think yes but 
cannot

2.1% ±1.7 35.0% ±21.0 60.7% ±7.5 36.4% ±7.4 38.7% ±7.4

Type 2:
Think not but can

36.0% ±10.2 11.9% ±3.4 18.5% ±5.2 14.7% ±4.8 14.6% ±4.8

Only 32.5% of the participants can perform more than two separate movements 
with their tongue (Table 4.4). Participants who think they can perform two or three 
tongue movements overestimate their ability to carry out complex movements 
by about 8%. Participants who can perform all of the five movements generally 
underestimate their ability to do so by about 3%. While no correlation could be 
found between gender and the ability to perform a certain movement, there 
appears to be a slight advantage for women in the number of movements that can be 
performed. There are more women than men that can perform 2 and 3 movements. 
There are slightly more men that can perform all five movements. There is no 
indication that men overestimate there ability more than women and visa-versa.

Table 4.4 - Percentages of female, male and total number of participants who can perform and think 
they can perform at least a number of ‘x’ movements

None 1 or more 2 or more 3 or more 4 or more 5

Fe
m

al
e Can 11.1% 88.9% 59.3% 35.4% 16.4% 4.0%

Think 9.7% 90.3% 67.0% 42.3% 17.2% 1.8%

M
al

e Can 12.4% 87.6% 47.6% 28.3% 16.6% 6.2%

Think 11.0% 89.0% 58.2% 38.4% 21.2% 2.1%

To
ta

l Can 11.6% 88.4% 54.8% 32.5% 16.4% 4.8%

Think 10.2% 89.8% 63.4% 40.6% 18.7% 1.9%

4
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Table 4.5 shows the percentage of participants that can perform a specific 
movement (column), at the condition that a second movement (row) can be 
performed. Table 4.6 shows the percentage of participants that can perform 
a specific movement (column) at the condition of not being able the perform 
the second movement (row). When participants can perform one of the more 
complex movements (II to V) it is more than 90% likely that they can also perform 
a rolling (I) movement. Participants that can perform the cloverleaf (II) are the 
best all-round by being able to perform on average more than 60% of all other 
movements. Also interesting is that 75% of participants that can twist to the left, 
can also twist their tongue to the right and vice versa. Not possessing the ability 
to perform a certain movement never excludes the ability to perform one of the 
others.

Table 4.5 - Conditional probability of being able to perform a certain movement, but also another 
movement: If Row(R), Than Column(C)

𝑃𝑃" ± 𝑍𝑍	&
𝑃𝑃"'1 − 𝑃𝑃"*

𝑛𝑛 	 𝐸𝐸𝐸𝐸	4.1 

With: 𝑃𝑃" = !"	$%	&'()(	
('*+,)	(-.)	(!)

	and 𝑍𝑍 = 	𝑍𝑍!
"
= 1.96	using the Z-table (95% confidence interval) 

 
 
 
4.5: 

𝑹𝑹 → 𝑪𝑪 

 
4.6: 
 

~𝑹𝑹 → 𝑪𝑪 

 

I: Rolling II: Cloverleaf III: Folding IV: Twisting 
(left)

V: Twisting 
(Right)

I: Rolling 100% 20% 33% 43% 42%

II: Cloverleaf 97% 100% 62% 66% 65%

III: Folding 94% 36% 100% 62% 61%

IV: Twisting (left) 95% 30% 49% 100% 75%

V: Twisting (right) 95% 30% 49% 76% 100%

Table 4.6 - Conditional probability of not being able to perform a certain movement, but being able to 
perform another movement: If not Row (R), Than Column (C)

𝑃𝑃" ± 𝑍𝑍	&
𝑃𝑃"'1 − 𝑃𝑃"*

𝑛𝑛 	 𝐸𝐸𝐸𝐸	4.1 

With: 𝑃𝑃" = !"	$%	&'()(	
('*+,)	(-.)	(!)

	and 𝑍𝑍 = 	𝑍𝑍!
"
= 1.96	using the Z-table (95% confidence interval) 

 
 
 
4.5: 

𝑹𝑹 → 𝑪𝑪 

 
4.6: 
 

~𝑹𝑹 → 𝑪𝑪 

 

I: Rolling II: Cloverleaf III: Folding IV: Twisting 
(left)

V: Twisting 
(Right)

I: Rolling 0% 3% 11% 13% 13%

II: Cloverleaf 82% 0% 23% 32% 32%

III: Folding 80% 10% 0% 28% 28%

IV: Twisting (left) 78% 10% 18% 0% 15%

V: Twisting (right) 78% 10% 19% 15% 0%

4.4 DISCUSSION

To our knowledge, we are the first to study the distribution of distinctive tongue 
movements and the awareness thereof in a large population. Rolling the tongue 
was the movement that could be performed by most people (83.7%). The 
cloverleaf seemed to be the hardest movement and could only be performed by 
13.7%. The correct judgment of the ability to perform a tongue movement ranges 
between 63.1% and 90.1%. A relationship between gender or right-handedness 
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[15] and the ability to perform certain tongue movements, as in other studies, 
could not be found [8,10–14,16]. There were however slightly more women that 
could perform a total of 3 or 4 movements.

Literature comparison
According to other literature, 60% to 80% of the population can roll their 
tongue [8–15]. In our study, this number is even higher; 83.7% (Table 4.3a). The 
percentage of people being able to fold (III) their tongue is much higher in our 
sample (27.5%) than in previous research (1.5% to 3%) [9,10,17]. While the folding 
movement can be difficult to determine, as there are different levels of folding 
which could potentially be judged differently, it is still an exceptionally high 
difference. This might indicate regional differences for this type of movement 
as the aforementioned research was conducted in China, India, and the United 
States [9,10,17]. Whether tongue training affects mobility is not clear. Hirschhorn 
(1970)[24] investigated different tongue features in a single family and found that 
two family members of a study population of thirteen, were able to learn tongue 
folding within two weeks of training. The evidence, however, is low because of 
the small study population. Kothari et al. [25] showed that one hour of tongue 
training results in an improvement of tongue strength, which is not influenced by 
the ability of tongue rolling.

Since others found that tongue folding might also depend on practice, it could as 
well be related to the language [24,25]. There is, however, not enough material 
to confirm such a theory. Being able to twist the tongue to one side doesn’t 
necessarily imply that someone can twist to the contralateral side since only 75% 
of the people who can twist the tongue can do this bilaterally (Table 4.5).

The ability to roll the tongue is believed to be caused by a dominant gene, whereas 
the ability to fold the tongue is believed to be of a recessive character [11,16,17]. 
Some reports state that the ability to fold the tongue depends on the rolling 
tongue gene [9,10,18]. In this study, these results are not observed, as 11% of 
the people that can fold the tongue cannot roll their tongue (Table 4.6). This is 
strengthened by studies among monozygotic and dizygotic twins that suggest 
that tongue rolling is not entirely genetically determined [13,26,27]. Around 95% 
of people that can perform a complex movement other than rolling will also be 
able to roll their tongue. It seems that this movement is often a prerequisite to 
perform other movements.

While the shape and size of the tongue differ greatly between persons, the 
muscular arrangement in humans seems to follow a strict pattern  [19,20]. However 
when looking at motor innervation, a different picture arises. The hypoglossal 
nerve has two different types of possible topologies: single branching (40%) and 

4
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multiple branching (60%) [19]. However, previous research from our group shows 
that a specific global branching topology is not limited to characteristic muscle 
activity. Even within one patient, both sides of the tongue can have different distal 
branching topologies resulting in different muscle activations on a micro level 
[28]. The variety in distal branching patterns might be the reason that there are so 
many differences between the tongue abilities of people. Also, this study showed 
that of the subjects who can perform a tongue twist, not everybody can perform 
a twist to both the left and the right side, confirming that there is a difference 
in lateral innervation (Table 4.5). This could as well be one of the core concepts 
explaining why patients with the same tumor characteristics evolve different 
speech and swallowing problems [4].

Judgment regarding own abilities
Whether there is a relationship between the ability to perform complex tongue 
movements and postoperative tongue function remains to be investigated in 
future research. However, we do know that when a tumor restricts the mobility 
of the tongue, specific tongue abilities might be lost. Therefore, when conducting 
a study into this matter it is essential to know if people can judge their tongue 
mobility before demonstrating.

The majority (83.7%) of the population was able to roll the tongue (I) and only 
14.7% were able to fold the tongue (Table 4.3a). Both abilities are slightly 
underestimated by the population, but the “wrong judgment” is very low (9.9% 
and 13.1%). The low level of wrong judgments makes these abilities potentially 
useful to distinguish patients in postoperative functionality. However, since the 
ability for rolling is relatively common and folding relatively uncommon, there 
is less room to differentiate between groups. The group that can roll, but not a 
cloverleaf is by far the largest.

About one-third of the population can perform a folding (III) movement or a 
twisting (left/right) movement. This 1/3 ratio is more ideal for decision making 
since the subdivided groups have more balanced sizes. These abilities are, 
however, often overestimated. The wrong judgment, which ranges from 24.1% 
to 36.9%, largely consists of people who think they can perform this movement, 
but cannot. With these movements, the physician can only be confident in 63.1% 
to 73.9% of the cases that the patient can make a proper judgment about their 
ability.

By looking at the percentage of wrong judgment, tongue rolling and cloverleaf 
seem to be the best abilities to test for a post-operative prediction model. 
However, discrepancies between the specific tongue movements are large. 
Cloverleaf performance is found in 14,7%, whereas tongue rolling is present in 
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83,7%. This means that there are a large number of people, who can perform 
rolling but cannot perform cloverleaf. These observations limit the number of 
patients that could benefit from the model and pose a potential problem for future 
study designs. Nevertheless, we are convinced that knowledge of the effect of 
preoperative tongue movements on postoperative mobility can be used to gain 
more insight into the mechanisms that influence the success rate of rehabilitation 
post-surgery.

Limitations
Both observers discussed the scoring of different movements beforehand. 
However, judging whether someone can perform a movement can be a matter 
of interpretation. It appeared, that mainly small differences emerge due to 
different interpretations by the observer despite the use of clear images. The 
chi-square test and manual check of the frequencies confirm that no significant 
incongruencies occurred. Limited data about tongue movements have been 
published since the first article in 1940. Neither are demonstration materials 
other than images available. Therefore it was decided to use the five instructive 
images from a previous paper on this subject [7]. Yet it is unknown if, for example, 
video instructions would result in different performances by the participants.

Because all participants were recruited on institute premises, it is questionable 
if it does represent the Dutch population in all its aspects. It would, for example, 
be interesting to subdivide groups in different dialects spoken in the Netherlands 
or based on ethnicity. Nevertheless, this topic was out of the scope of this study.

4.5 FUTURE PERSPECTIVES

Knowing if, and how many possess the ability to perform any of the specific 
tongue movement is a prerequisite for further research towards predicting 
the functional outcome. Future research could focus on assessing if there is a 
difference in functional outcome after treatment between the patients that can 
roll the tongue, can make a cloverleaf, both or neither of these. This potential 
prediction model can be used in combination with or instead of more advanced 
techniques such as biomechanical modeling or optical tracking. These options 
might take longer to implement and validate in a clinical setting [29,30]. Also when 
the genetics and physiology behind the ability to perform different features can 
be clarified, it might increase insights in the prediction of post-operative reduced 
tongue mobility or may be helpful in oral rehabilitation.

4
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4.6 CONCLUSION

Tongue movement features and its distribution in population have an unknown 
physiological background and have not received much scientific attention yet. 
This study assessed the distribution of five specific tongue movements in the 
Dutch population: rolling: 83.7%, Cloverleaf: 14.7%, Folding: 27.5%, Twisting left: 
36.1%, and Twisting right: 35.6%. An additional finding is that the percentage of 
people that can fold their tongue is almost ten times higher (3% versus 27.5%) 
than in previous research. It was found that the ability to roll the tongue is not a 
prerequisite for folding of the tongue.

In this study, participants were most aware of their ability to roll the tongue and 
to make a cloverleaf. While the group size difference between people who can 
and cannot do these movements is relatively large, rolling and cloverleaf are still 
preferred over folding and twisting (left and right) for future prediction models, 
based on the low number of misjudgments with these movements.
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ABSTRACT

Tongue cancer treatment often results in impaired speech, swallowing, or 
mastication. Simulating the effect of treatments can help the patient and the 
treating physician to understand the effects and impact of the intervention. To 
simulate deformations of the tongue, identifying accurate mechanical properties 
of (fibrotic) tissue is essential. However, not many succeeded in characterizing in-
vivo tongue stiffness. Those who did, measured the tongue At Rest (AR), in which 
muscle tone subsides even if muscles are not willingly activated. We expected to 
find an absolute rest state in participants ‘under General Anesthesia’ (GA).

We elaborated on previous work by measuring the mechanical behavior of the 
in-vivo tongue under aspiration using an improved volume-based method. Using 
this technique, 5 to 7 measurements were performed on 10 participants both AR 
and under GA. The obtained Pressure-Shape curves were first analyzed using 
the initial slope and its variations. Hereafter, an inverse Finite Element Analysis 
(FEA) was applied to identify the mechanical parameters using the Yeoh, Gent, 
and Ogden hyperelastic models.

The measurements AR provided a mean Young’s Modulus of 1638 Pa (min 1035 – 
max 2019) using the Yeoh constitutive model, which is in line with previous ex-vivo 
measurements. However, while hoping to find a rest state under GA, the tongue 
unexpectedly appeared to be approximately 2 to 2.5 times stiffer under GA 
than AR. Explanations for this were sought by examining in drugs administered 
during GA, blood flow, perfusion, and upper airway reflexes, but neither of these 
explanations could be confirmed.
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5.1 INTRODUCTION

Head and neck cancers are notorious for their negative impact on quality of life 
[1–6]. Treatment of tongue cancer, which accounts for approximately 20% of all 
head and neck carcinomas, can have a destructive effect on speech, swallowing, 
and mastication. The preferred treatment is surgery, but if the resulting post-
operative functional loss is expected to be too disabling, organ-preserving 
chemoradiation and other alternatives can be considered [7,8]. Due to the complex 
structures and systems involved in oral functions, a clinician cannot accurately 
predict the functional consequences of treatment. Effective patient counseling 
and treatment choice is, therefore, often an arduous task. Simulating the effect 
of treatments using biomechanical computer models can help the patient and the 
treating physician to understand the impact of interventions. In the past years, 
multiple biomechanical tongue models have been developed to simulate tongue 
function with and without simulated impairment caused by pathologies and/or 
treatment [9–13].

To simulate realistic tissue behavior, choosing a proper constitutive model and 
identifying accurate mechanical properties is essential. Surgery or radiation can 
also induce fibrotic changes to tissue from which the extent may vary between 
patients and will affect the mechanical properties. Moreover, even for basic 
parameters such as the in-vivo stiffness values of the tongue in rest, no consensus 
has yet been reached [14].

The human tongue mainly consists of muscles that behave as a nonlinear, time-
dependent, inhomogeneous, and anisotropic material. Most of the constitutive 
model parameters in literature applied in human tongue tissue simulations are 
not based on real data because of the associated experimental difficulties [15–
20]. According to Hermant et al. [14], only three papers used experimental data to 
estimate the average tongue stiffness. Two of these experiments were performed 
in-vivo [21,22] and one ex-vivo [15]. In-vivo magnetic resonance elastography 
(MRE) was used by in seven healthy participants, for which they found a mean 
Young’s modulus of 7743 Pa. The MRE measurements have two main downsides. 
First, due to the supine position of the individual, the tongue muscles are activated 
to keep an acceptable geometry, thus providing higher stiffness values compared 
to what is expected for a tongue AR. Second, in the setup proposed by Cheng et al. 
(21), the mechanical properties are retrieved by analyzing the displacement field 
induced by external 80 Hz vibrations transferred into the tongue tissue [21]. Thus, 
the measured stiffness modulus may differ from the quasi-static elastic modulus 
due to the expected muscle frequency-dependent mechanical behavior [23].

5



110

Chapter 5

Schiavone et al. [22] measured tongue properties in-vivo while the participant 
willingly activated or relaxed their tongue muscles using an aspiration method. 
In this method, a chamber with a circular aperture was placed on the tongue 
and depressurized. The height of the tissue aspirated into the chamber was 
measured using a camera. Inverse identification of the tissue parameters was 
then performed using a Finite Element (FE) model of the aspiration experiment 
and Yeoh strain energy function.

Ex-vivo tissue is expected to have a higher Young’s modulus because of the lack of 
vascularization and protein degradation [24,25]. However, the ex-vivo experiment 
of Gerard et al. [15] (Table 5.5) showed a tongue Young’s Modulus that was almost 
2 times lower than the in-vivo-experiment of Schiavone et al. [22] AR. With the 
same measurement system but activated muscles, the observed Young’s Modulus 
was approximately 6 times higher [22]; muscle tongue activation thus impacts 
the observed stiffness. Furthermore, it should be noted that residual stresses and 
natural muscle tone persist even if muscles are not willingly activated [26].

These phenomena raise the difficulty to define a reference muscle state, to perform 
an in-vivo measurement, and to set a simulation start point. From a practical point 
of view, this reference muscle state will always be a situation where internal 
stress and strain heterogeneities are present. It is the authors’ opinion that such a 
reference muscle state should be defined with the lowest possible muscle activity, 
i.e. when only muscle tone remains. We expect to find this ‘absolute’ rest state in 
participants under General Anesthesia (GA).

Using an improved version of the aspiration method, initially presented in Elahi 
et al. [27,28], the tongue mechanical properties will be measured (1) ‘at rest’ 
(AR) and (2) under GA, on 10 individuals without any history of tongue disease. 
As a first approximation, the tongue tissue will be considered as a homogeneous 
uniform isotropic material. The used inverse identification method and the impact 
of different constitutive models will be discussed. The main goals of this study are 
to estimate the following for the human tongue:

- The measurement reproducibility in each participant and variability between 
participants.

- The differences in apparent behavior of tissue between AR and under GA.
- The tissue parameters of the tongue for simulation purposes.
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5.2 METHOD

Measurement setup
Elahi et al. [27] proposed a modified version of the aspiration device of Schiavone 
et al. [22] (Figure 5.1A). Any camera was removed from the system to diminish 
design constraints; the measurement of the tissue height was replaced by a 
volume measurement using a medical pump. It provided results with a maximum 
error of +8.8% compared to classical tests such as tensile or bulge tests. The 
system and method used in this paper are comparable to the one used in Elahi et 
al. [28] where more details are reported.

In this work, a custom suction cup (Figure 5.1B and C) was printed in 3D with a 
Form 2 printer (Formlabs, Somerville USA) using dental SG (biocompatible resin). 
The suction cup has an inner diameter of 10 mm and a wall thickness of 0.5 mm. 
(Figure 5.1B).

Figure 5.1 - A schematic drawing of the volume-based aspiration setup (A) Adapted from Elahi et al. 
[28], the suction cup cross-section with an aperture diameter of 10 mm, a wall thickness of 0.5 mm, 
and side tube (B), and a 3D render of the cup (C).
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A programmable syringe pump (pump 11 elite, Harvard Apparatus, Holliston 
USA) was used to remove an air volume 

A programmable syringe pump (pump 11 elite, Harvard Apparatus, Holliston USA) was used 
to remove an air volume 𝑉𝑉!"!#$  from the system at a fixed rate of 0.6 mL.min-1. The syringe 
pump in combination with a 3 mL syringe provided a precision of ±0.002 ml [28]. The 
corresponding pressure P was measured using a manometer (DP205, MECOTEC GmbH, 
Hattingen, Germany) with a precision of around 0.004 mbar. The measured total volume 
curve 𝑉𝑉!"!#$(𝑃𝑃) retrieved from the system consisted of both the tissue aspirated inside the 
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and the right graph shows the normalized curve.

Measurement protocol
The measurements AR and under GA were performed, where possible, using 
identical protocols. The aim was to include ten participants scheduled for surgery 
without any history of tongue disease. Therefore, patients at the gynecology and 
urology department of the Netherlands Cancer Institute were approached to 
participate. Since this was the first study of its kind, sample size calculation was 
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not applicable. The measurements AR were performed on seated participants a 
week before or a month after surgery. Measurements under GA started one hour 
after the beginning of surgery. All participants had an epidural catheter and were 
infused according to the same anesthesiologic protocol with solutions of Propofol, 
Sufentanil, Remifentanil, Efidrine, and Rucurionium using different dosages.

A sterilized suction cup was placed on the dorsum of the tongue, away from the 
midline (Figure 5.3). A minimum of five measurements was performed successively, 
each time removing the cup for 30 seconds between each measurement so that 
the tissue had time to restore to its initial state. When possible, the measurement 
location was alternated (Figure 5.3A, yellow areas) to avoid waiting time.

Figure 5.3 - An Illustration of the human tongue (A) and the applied suction cup on the tongue of a par-
ticipant (B, C). During the measurements, a sterilized cup is placed on the yellow area on the tongue’s 
surface. (Background image designed by Freepik)

For each measurement, the pressure was monitored before placing the suction 
cup. A small initial pre-load, applied by placing the cup by hand, helped to prevent 
leakage. The pressure change due to this pre-load was monitored and subsequently 
removed from the experimental data. Any initial leakage could be detected during 
this stage; erroneous measurements were immediately discarded.

The syringe pump was started using custom software to synchronize pump start 
and pressure measurement. During the development of the device, discomfort 
was reported at a pressure lower than approximately -80 mbar. Therefore, all 
measurements in this study were thus stopped at a pressure threshold of -55 
mbar to prevent any discomfort.

5
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Chapter 5

All procedures performed in studies involving human participants were in 
accordance with the ethical standards of the medical ethical committee of 
the Netherlands Cancer Institute (ref: N18EMT) and with the 1964 Helsinki 
declaration and its later amendments or comparable ethical standards. Informed 
consent was obtained from all individual participants included in the study.
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Figure 5.4 - a) Simulated FE, Boundary conditions, meshing (36000 Q8 axisymmetric elements), and an 
example of the deformed shape S=1. b) Normalized Pressure-Shape curve for different material models 
and chosen parameters representative of the experimental results. c) Illustration of cumulated volumic 
repartition in the tissue under the aperture (Depth=Radius=0.75 Diameter) for which local invariant 
is lower than an 
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 is the derivative of the fitting error   regarding the shape, and is evaluated
at the pressure Pk . Function part 2 thus represents the slope fitting error at the 
start of the curve.
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- I  is the number of experimental points, 
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where V I †X < -( )1 3
 is the tissue volume for which the value is lower than the specific 

threshold I1 3-( )I1 3-( ). Vref  is the considered tissue volume around the aperture. All 
volumes have been evaluated in the un-deformed initial state.
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Table 5.1 - Overview of different constitutive models on biological tissue and their strain energy 
density functions found in the literature. The equivalent Young’s modulus assumes a Poisson 
coefficient of 0.5.

Model Strain energy density function
Equivalent 
Young’s 
modulus

Application 
illustration

Gent

with µ the shear 
modulus. Jm is the 
stiffening parameter 
and its’ maximum 
value is of I1 3-( )I1 3-( ).

 , 
where  are
the principal stretches

(Elahi et al. 
[27,28];
Rashid et al. 
[32])

Ogden

where  
are the principal 
stretches, and

. With 
 the stiffening 

parameter.

(Budday et al. 
[33];
Rashid et al. 
[32])

Yeoh 
C20C30

with I1 the first 
variant of the 
Cauchy-Green strain 
tensor.  and  
are the stiffening 
parameters.

(Buchaillard et 
al. [16];
Gerard et al. 
[15];
Mehrabian 
and Samani, 
[34];
Sadeghnejad 
et al. [35];
Schiavone et 
al. [22,36,37])

Yeoh 
C20

Yeoh 
C30

Additional adjustments compared to Elahi et al. [28] have been made to make 
this method practical for in-vivo human tongue tissue characterization. Only two 
adjustments will be discussed briefly as these are not the main scope of this paper:

Initial partial vacuum: contrary to Elahi et al. [28] no secondary syringe has been 
used to create the initial partial vacuum to prevent leakage before the start of the 
measurement. This step would affect the system calibration curve by modifying 
the active air quantity in the system tubes. In the current setup, leakage was 
prevented by keeping the tongue moisturized (water and saliva) and applying a 
‘small’ initial pre-load on the suction cup. As moisturization could alter the friction 
coefficient, the effect hereof will be numerically assessed.

Real-time identification: while minimizing the function , the measured Pressure-
Shape S PFE ( ) curves were estimated using a pre-calculated database for each 
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material formulation. A model reduction based on the Principal Component 
Analysis method has been implemented [38]. A typical identification result is 
presented in Figure 5.5 using the data of patient 4 (AR).

Figure 5.5 - Fitting illustration (upper graph) and associated Shape error i (lower graph) of the differ-

ent models minimizing  in a measurement of participant #5.

Measurement variabilities
Additional measurements were performed to evaluate ranges of reproducibility 
or potential biases in the measurements:

Bovine meat measurements: Seven measurements were performed ex-vivo on a 
piece of fresh bovine muscle at room temperature (~21°) using the same protocol 
as the measurements on participants. Such measurement will be considered as 
the gold standard situation for tissue passivity and environment reproducibility.

Temperature variations: Calibration curves and measurements were measured 
under the same conditions at room temperature. However, while AR, exhaled air 
can induce temperature changes in the cup and tube extremity during the test, 
which is not present under GA due to the mechanical ventilator. Temperature 
changes impact the pressure inside the closed system during the measurement. 
The average effect of temperature variations was experimentally evaluated by 
immersing the suction cup in water with different controlled temperatures.
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Friction and Poisson coefficients: The initial Pressure-Shape slope and associated 
Young’s Modulus identification are affected by the unknown friction and Poisson 
coefficient. Simulations using different friction and Poisson coefficients were 
performed to numerically assess the influence of these parameters.

Statistical analysis:
For the following, non-parametrical tests are used as they do not assume a 
Gaussian distribution. For every 5 to 7 measurements per patient, the median and 
the Inter Quartile Range (IQR) are calculated.

To test if the measurements AR and under GA for patient n are from the same 
distribution (identical median and spread) the Mann-Whitney U test is used [39]. 
When p < 0.05, this hypothesis is rejected.

To test if the calculated medians AR and under GA over the whole population are 
from the same distribution, the Wilcoxon signed-rank test is used [40]. When p < 
0.05, this hypothesis is rejected. The difference between the groups is accepted 
as significant.

The IQR is normalized by the median value to be converted in percentage to 
compare the variability between participants and situations:

5.3 RESULTS

The characteristics of the ten participants that were included from the gynecology 
and urology departments at the Netherlands Cancer Institute are shown in Table 
5.2. Half of the participants were males and the mean age was 62.

5
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Table 5.2 - patient characteristics and number of included measurements per patient and per situation.

n Gender Age Type of surgery Department
Number of 
measurements
AR/under GA

1 M 67 Pelvic Lymph Node Dissection URO 5 / 6

2 W 62 Bladder resection URO 5 / 7

3 W 63 Secondary Debulking Surgery GYN 7 / 6

4 M 67 Nephrectomy URO 5 / 6

5 W 59 Nephrectomy URO 5 / 6

6 M 70 Pelvic Lymph Node Dissection URO 6 / 6

7 W 49 Secondary Debulking Surgery GYN 5 / 6

8 W 70 Pelvic Lymph Node Dissection URO 6 / 7

9 M 55 Ureteral Surgery URO 5 / 7

10 M 59 Nephrectomy URO 6 / 6

The median and IQR of A
0.1

 and B
Stiff

 were calculated and plotted as boxplots in 
Figure 5.6 and Figure 5.7. The p values of the Mann-Whitney U test are visible on 
the horizontal axis. Subsequently, the means of the Medians (µM) and the means 
of the IQR’s (µIQR) for every patient AR and under GA were calculated and are 
shown in Table 5.3, Figure 5.6 and Figure 5.7 for the A

RS
 and B

Stiff
, respectively. The 

table also includes the results of the ex-vivo bovine meat measurement and the 
results of the Wilcoxon signed-rank test.
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Table 5.3 - Stiffness parameter A0.1 and stiffening parameter Bstiff of all patient combined and bovine 
measurements.

A
0

.1

Test µM Normalized µIQR

Bovine muscle (ex-vivo) 10185 Pa.S-1 13%

At Rest 1292 Pa.S-1 18%

under General Anesthesia 3289 Pa.S-1 63%

Wilcoxon Signed-Rank (At Rest - under GA) p = 0.002

B
St

if
f

Bovine muscle (ex-vivo) 1.20 15%

At Rest 2.10 12%

under General Anesthesia 2.65 37%

Wilcoxon Signed-Rank (At Rest - under GA) P = 0.19 (not sign)

The initial Pressure-Shape slope A
0.1

 is significantly higher (2.5 times) under GA 
than AR (Table 5.3, Figure 5.6). The normalized µIQR is 18% while AR, which is 
just above 13% obtained during the bovine ex-vivo measurement. Some of the 
measurements under GA show a lot of variation causing the normalized µIQR 
reaches to reach a value of 63%. Nevertheless, the Mann-Whitney U test confirms 
that in 8 out of 10 participants the measurements are significantly higher under 
GA than AR (p-value lower than 0.05,Figure 5.6). Contrary to the A

0.1
, the µM of 

the stiffening factor B
Stiff

 is not significantly different in both situations (Table 5.3, 
Figure 5.7). The normalized µIQR under GA is lower for B

Stiff
 then for A

0.1
. Three 

and one measurement(s) were removed from participants 2 and 8, respectively. 
These measurements did not reach a shape value 0.5, thus the ratio value B

Stiff
 

could not be evaluated for these measurements.
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The identified Young’s Moduli for every patient using different models from Table 
5.1 are shown in Figure 5.8. The resemblance with A

0.1
 from Figure 5.6 is striking: 

the median Young’s Moduli differs from slope A
0.1

 with a factor 0.88 (STD 0.11) 
to 1.14 (std 0.21) depending on the used constitutive model. The global fitting 
quality for all the models is similar ( values lower than 0.052). The second 
part 2 of the  function, that resembles the capacity of the model to properly 
fit the Pressure-Shape slope at the start of the curve, differs for each model. 
Their average performances can be sorted as the following (best to worst median 
value): Yeoh

C20/C30
 (0.0003)

, 
Yeoh

C30
 (0.0007), Gent (0.0012), Yeoh

C20
 (0.0012), 

Ogden (0.0014).

In biomechanical modeling, two-parameter models are usually used in literature. 
The mean Youngs modulus by the Yeoh

C30
, the best performing two-parameter 

model, is 1638 Pa AR and 3060 under GA. The parameter ratio C30/C10 is shown 
in Figure 5.9 and provides a mean of 0.19 and 0.46 for all patients for AR and 
under GA, respectively.

The pressure-Shape curves (Figure 5.4b) have been computed for parameters 
of each model chosen in a range representative of the experimental data. The 
associated cumulated volume repartition curves f I †1 3-( )f I †1 3-( )at specific shapes 0.2, 
0.4, 0.6 and 0.8, have been computed using the volume Vref  as a cylinder with a 
height and a radius of 0.75 aperture diameter.

Measurement variabilities

Table 5.4 - Parameter sensitivity analysis on the initial Pressure-Shape curve A0 1. .

Performed 
test

Reference 
value X0

Parameter tested range
Impact on Slope 
variation  
and std

Error percentage if 
slope  of 1000 
Pa S. -1

 (Yeoh
C30

, 
C10=200 Pa, 
C30= 10 Pa).

Average 
Temperature 
impact

25°C

Experimental test on 
calibration curve: [25°C 
– 37°C], 8 measurements 
each. Aperture 
temperature average 
stability in the mouth is 
reached in less than 60 
seconds.

30 3 %

Friction 
coefficient

0.2
Numerical tested range: 
[0.1 1]

15.7 1.6 %

Poisson 
ratio

0.5
Numerical tested range 
[0.499 0.5]

5.6 0.6 %
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A parameter sensitivity analysis is presented in Table 5.4. The impact on the 
initial Pressure-Shape curve slope  is evaluated for specific parameter ranges. For 
numerical tests, the parameters for the Yeoh

C30
 models were chosen to mimic real 

experimental data: C10=200 Pa (E=1200 Pa), C30=10Pa.

5.4 DISCUSSION

To our knowledge, this is the first study that measured and compared the tongue 
stiffness AR and under GA. This is also the largest cohort of individuals that 
participated in tongue stiffness measurements at the moment of publishing. 
The aspiration technique is non-invasive and quick, as a single measurement and 
analysis take up less than one minute. It can therefore be used almost in real-time, 
which was not possible using the previous version of the method [22,28].

Slope, stiffness and stiffening differences between AR and under GA
In this work, the initial slope A

0.1
 and associated Young’s Modulus of the tongue 

under GA are 2.5 and 1.9 times larger than AR, respectively. This difference is 
significant as shown in the Wilcoxon signed-rank test. On an individual level, the 
Mann-Whitney U test showed that the difference between AR and under GA 
is significant for 8 out of the 10 participants. The assumption that muscle tone 
is absent or lower under GA is proven to be erroneous: results show an almost 
universal increase of tongue stiffness during anesthesia. Measurements AR thus 
provide a better reference state than under GA. These results are the opposite of 
what the authors expected and motivated extended experimental and numerical 
tests.

We found three plausible hypotheses in the literature to explain these results:

1) Sufentanil and Remifentanil, drugs administered during GA to all participants 
of this study, are reported to cause chest wall rigidity among other lipophilic 
opioids [41–44]. The frequently administered Rocuronium, a neuromuscular 
blocking agent, could counteract these effects by causing paralysis of skeletal 
muscle. However, few studies can be found about the interaction of the 
combined pharmaceuticals during anesthesia for muscle activation, and for the 
tongue in particular [45]. Analysis of the administrated pharmaceuticals could 
not fully explain the exceptions of the two participants (4 and 9) who showed 
an identical stiffness under GA and AR.

2) Upper airway reflexes, that can be activated under GA by intubation, are not 
always completely suppressed during general anesthesia [46]. Such (remnants 
of) reflexes are unequally pronounced among humans and depend on the 
depth of anesthesia, which could explain the observed patient-specific singular 

5
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absence of stiffening in participant 4 and 9 [47]. However, this is hard to confirm 
since to our knowledge, no EMG measurements have ever been performed to 
assess muscle tone during anesthesia at the base of the tongue.

3) The lack of movements and administered drugs under GA alter blood flow and 
perfusion and could in turn affect the identified rigidity [48,49]. Manually 
palpating tongue tissue under GA and AR, unfortunately, did not provide a 
subjective correlated observation as measurements took place days apart. 
The tongue under GA also showed a more persisting tissue deformation after 
aspiration. The tissue deformation was resolved quicker by palpating the tongue.

The stiffening ratio B
stiff

 shows that the slope was more than doubled from shape 
0.1 to 0.5 (Figure 5.7, Eq 5.3). This effect is translated into a C30/C10 ratio for 
the Yeoh

C30
 model (Figure 5.9): the median C30/C10 ratio value is in the range 

of [0.1 - 0.5] for 70% of participants both under GA and AR. This ratio range can 
be implemented in numerical models when assuming a perfectly incompressible 
material. The ratio C30/C10 can reach values as high as 1.8 but the patient-
specific high values remained unexplored.

Measurement uncertainties
Given the unexpected results for the observed experimental difference between 
AR and under GA, the measurement method has been challenged with different 
phenomena using the initial slope A

0.1
 as criteria (Table 5.4).

Variability of experimental slope A0.1
The reproducibility of the method on biological tissues has been experimentally 
evaluated during the bovine meat ex-vivo test, assuming stable material 
parameters and a comparable situation with in-vivo testing (tissue compressibility, 
friction coefficient, load, temperature, etc): the normalized µIQR of ex-vivo bovine 
meat is 13% of the median initial slope A

0.1
. The reproducibility limitations of the 

method itself can thus not account for normalized µIQR of 18% and 63% for the 
patient measurements (Table 5.3). The variability during the measurements AR 
could be caused by small uncontrolled tongue movements or breathing. During 
GA, the often cumbersome accessibility of the tongue made replacing the suction 
cup at the same place difficult and, therefore, less reproducible. Also, phenomena 
explained in the previous paragraph could induce a change in material stiffness 
between or during measurements.

An average temperature difference in the mouth between AR and under GA is 
expected due to breathing or because the patient is intubated. In the conducted 
immersion test an average temperature difference as high as 12°C surrounding 
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the cup (immersed in 37°C or 25°C room temperature water) proved to have a 
negligible effect on the initial slope A

0.1
 (3 %, Table 5.4).

A residual load, exercised by the weight of the suction cup and the tube, was 
present at both the measurements AR and under GA. The normal load contribution 
of the cup to the surface induced by the tube has been measured with a precision 
balance and was found to be lower than one gram, which is considered negligible 
in respect to other devices used in literature [22,50], or commercial products 
such as the Cutometer (Courage and Khazaka, Köln, Germany).

Parameter influencing the extracted Young’s Modulus
The aspiration technique and method have been validated on non-stiffening 
silicon objects in Elahi et al. [27,28]. It provided results with a maximum error of 
+8.8% compared to classical tests such as tensile or bulge tests. It was verified 
experimentally that the adjustments made in the measurement setup and analysis 
provided similar results and identification range.

Identifying parameters for an in-vivo stiffening material yet presents more 
challenges: the Ogden, Gent, and Yeoh model formulations (Table 5.1) are only 
able to approximate the real material stiffening behavior (model misspecification). 
This leads to drastically different equivalent Young’s moduli if only the shape 
distance is minimized (  = , β = 0, Eq 5.4), even for satisfying global fitting 
results (results not presented). A value β [0.1 0.9] can, however, provide almost 
model-independent Young’s Moduli (Figure 5.8, β = 0.5) for satisfying fitting 
(example Figure 5.2). The independency of the Identified Young’s Modulus to the 
model formulation was considered a validation of the inverse method and chosen 
minimized function.

The chosen minimized function  provides material parameters for which 
the Pressure-Shape initial slope A

0.1
 is respected thanks to the part 2 of the 

minimized function (Eq 5.4). Obtaining a Young’s Modulus almost proportional to 
the initial slope A

0.1
 is thus an expected result.

Poisson and friction coefficient effects on the Pressure-Shape curve initial slope 
A

0.1 
are below 1.6% and are considered negligible for the tested ranges compared 

to experimental reproducibility.

Young’s modulus identification & literature comparison
The Yeoh

C30
 was the best performing two-parameter model in this study and is 

therefore compared to other literature. The median Young’s modulus from all 
participants is 1638 Pa (min 1035 – max 2019) for AR and 3060 Pa (min 1477 – 
max 8930) for under GA.

5
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The identified Young’s modulus AR is 2.4 times smaller than the AR measurement 
of Schiavone et al. [22] with a Yeoh

C30
 model and 30% smaller than the ex-vivo 

cadaver measurement of Gerard et al. [15] with a Yeoh
c20

 model (Table 5.5). Both 
the Young’s modulus AR and under GA are more than 2 times smaller than in-
vivo MRE [21] and 8 to 16 times smaller than the “activated measurement” of 
Schiavone et al. [22]. Aside from Cheng et al. [21], all results of the cited in-vivo 
studies were obtained only from one participant.

Young’s Moduli measured in-vivo (Table 5.5), injected into biomechanical models, 
usually prove too stiff to simulate realistic tissue deformations [10,11,16]. This 
is substantiated by Hermant et al. [14] who simulated the tongue movements 
in the direction of the pharyngeal wall using both a common tissue stiffness for 
tongue models (E = 6222 Pa) and a lower stiffness (E = 1116 Pa) based on the ex-
vivo experiments from Gerard et al. [15]. They found much more realistic behavior 
using the lower stiffness. The identified Young’s Modulus range obtained of the 
ten measured participants in this work corroborates these results.

Limitations and Perspectives
To the authors’ knowledge, no artificial material presents a mechanical behavior 
close to that of the tongue (Young’s modulus and stiffening rate). This prevents 
the definition of a real gold standard to perform a fair comparison of identified 
Young’s Modulus for the whole method using aspiration or classical testing. 
The present method could only be validated on artificial non-stiffening material 
[27,28]. However, the identification of a similar Young’s modulus on different 
material models makes the model more trustworthy.

Figure 5.4b shows that the numerical Pressure-Shape curves are almost 
independent (for the simulated parameters) of the model for a Shape range of [0 
0.2]. This shape range is associated with I1 3-( ) values in a range of [0 0.5] over 
the tissue volume Figure 5.4c), which in a tensile test would provide a principal 
deformation of 46%. For larger deformations, the material models describe the 
material stiffening-strain relation differently. Local stiffening induces strain 
locking; the deformation is spread to less stressed material parts. The predicted  
volumetric repartition thus differs from the models for shapes greater than 0.4 
(Figure 5.4c). The most physically relevant model cannot be selected according to 
this criterion given that the experimental strain distribution is unknown.
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The obtained Pressure-Shape curves do not provide insight into all the tongue 
tissue properties (nonlinear, time-dependent, inhomogeneous, and anisotropic 
material). Furthermore, only one location of the tongue was measured using a 
suction cup with a fixed diameter. The use of different cup sizes in future research 
could enable us to measure tissue over larger and deeper areas but can be 
restricted by tongue boundary conditions.

As many factors influence the tongue stiffness under GA, a more controlled 
protocol is required to explain why tissue is stiffer under GA than AR. The three 
plausible hypotheses mentioned in the discussion could be tested. For example, 
EMG measurements of the tongue could give insight into the muscle activity 
during anesthesia. Also, monitoring the administration of medicine-only one by 
one, and in particular, a higher dose of Rocuronium, propofol, and fentanyl could 
provide insight into the effect of medicines on the tongue stiffness. Identifying 
the factors that lead to these surprising results could give insight on how to define 
a better reference state for the tongue. However, the clinical significance would 
be small for such an invasive study to be performed on humans.

Future research could focus on classifying fibrotic changes over time and between 
patients after surgery and/or radiation. This could be useful in studies focused 
on therapies to counteract fibrotic stiffening of tissue or to create more realistic 
biomechanical models that can incorporate fibrotic properties to improve the 
prediction of function loss [11,51]. Because this new technique enables stiffness 
measurements in a sterile environment, it can also be translated into other 
medical fields.

5.5 CONCLUSION

The stiffness of the tongue in 10 participants was measured AR and while under 
GA during surgery. While aiming to measure the stiffness of the tongue without 
muscle tone, the tongue unexpectedly appeared to be approximately 2 to 2.5 times 
stiffer under GA. While several hypotheses can potentially explain this behavior, 
no definitive answer could be provided with the current data. Between patients, 
the measurements AR were comparable and proved to be as reproducible as ex-
vivo measurements using the same method. However, this did not apply to the 
measurements under GA. Identification using a two-parameter Yeoh constitutive 
model showed that the Young’s modulus of the tongue in the relaxed condition 
AR is approximately 1638 Pa and the C30/C10 ratio 0.19.
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ABSTRACT

For advanced tongue cancer, the choice between surgery or organ-sparing 
treatment is often dependent on the expected loss of tongue functionality after 
treatment. Biomechanical models might assist in this choice by simulating the 
post-treatment function loss. However, this function loss varies between patients 
and should, therefore, be predicted for each patient individually. In the present 
study, the goal was to better predict the postoperative range-of-motion (ROM) of 
the tongue by personalizing biomechanical models using diffusion-weighted MRI 
and constrained spherical deconvolution (CSD) reconstructions of tongue muscle 
architecture.

Diffusion-weighted MRI scans of ten healthy volunteers were obtained to 
reconstruct their tongue musculatures, which were subsequently registered to 
a previously described population average or atlas. Using the displacement fields 
obtained from the registration, the segmented muscle fiber tracks from the atlas 
were morphed back to create personalized muscle fiber tracks. Finite element 
models were created from the fiber tracks of the atlas and those of the individual 
tongues. Via inverse simulation of a protruding, downward, left and right 
movement, the ROM of the tongue was predicted. This prediction was compared 
to the ROM measured with a 3D camera.

For the personalized biomechanical models, 80% of the movements were 
predicted correctly whereas, for the generic model, only 50% of the movements 
were predicted correctly.

In conclusion, personalized biomechanical models of the tongue better predict 
tongue ROM and may in the future improve the estimation of function loss after 
treatment for advanced tongue carcinoma.
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6.1 INTRODUCTION

The incidence of tongue cancer is rising worldwide, accounting for almost 20% of 
all head and neck cancers [1,2]. Locally advanced tongue cancer is usually treated 
by surgery and/or chemoradiation, which may have a serious impact on the 
mobility of the tongue due to surgical defects and/or radiation-induced fibrosis. 
This often leads to difficulties with speech, mastication, and swallowing [3,4]. The 
choice between surgical or organ-sparing treatment is dependent on expected 
function loss after treatment, which is difficult to predict [5]. The prediction of the 
expected function loss would be of great benefit for the decision-making process 
shared between physician and patient. Biomechanical modeling of the tongue 
would be a logical next step in the process of the prediction of functional loss.

The biomechanics of the tongue however are complex [5–7]. The tongue 
consists of four extrinsic and four intrinsic muscles, which interdigitate and 
seem to follow a strict pattern [8]. Although we know that all muscles, except 
for the palatoglossus muscle, are innervated by the hypoglossal nerve [9,10], 
the complex neural strategies that are required for shaping the tongue during 
speech and mastication, are currently unknown [11,12]. Moreover, the tongue 
shape varies between individuals, and knowledge about anatomical variations in 
muscle structure does not yet exist [13]. Although biomechanical finite-element 
(FE) models have shown to be a promising method to predict functional loss after 
treatment [14–16], these models have often been created from ex-vivo data, and 
are generally generic. These FE models are therefore unable to predict functional 
loss on an individual level and should be personalized.

One way of creating personalized FE models is by morphing of a generic FE 
model to a subject-specific situation [17,18]. Previous work has shown that this 
morphing can be driven by imaging data such as anatomical slices [19], computed 
tomography [20,21], and MRI [22,23]. Alternatively, personalized models can also 
be constructed by embedding mesh and muscle structures in a coarse FE model 
that is generated according to the shape of the mesh. [24,25]. If muscles are 
however included in personalized models, the morphing should not only be driven 
by the outline of anatomical structures or meshes, but also the internal structure 
of the muscle, such as the muscle fiber directionality.

This muscle fiber directionality can be measured by exploiting the possibilities of 
diffusion-weighted MRI [26]. Using diffusion-sensitizing gradients, it is possible 
to encode MR images with diffusion information along a certain direction. As the 
diffusivity of water is higher along muscle fibers than perpendicular to them, it is 
possible to reconstruct the fiber orientation using the diffusion tensor. In fiber 
tracking or tractography, fiber tracks are computed from these fiber orientations, 

6
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[27], easing the visualization of the tongue musculature [28–31]. These tracks 
have even been used as an input for biomechanical models of the tongue [32]. 
Despite this potential of DTI, it is unable to resolve the interdigitating muscle 
fibers on the tongue. Recently, a diffusion-weighted MRI technique called 
constrained spherical deconvolution (CSD), which can resolve the interdigitating 
muscle fibers of the tongue in vivo, was applied to the tongue [33]. This technique 
enables us to reconstruct the tongue muscle architecture of the individual more 
accurately.

The goal of the current work was to create personalized biomechanical models 
of the tongue by using CSD MRI. As manual embedding of all the fibers of this 
muscle architecture in the FE model would be very laborious, it is hardly feasible. 
This motivated us to use automated methods to embed these fibers. However, 
due to the high noise levels and artifacts in CSD MRI, the quality of reconstructed 
musculature of a single subject was relatively low. We, therefore, proposed to use 
a population average or atlas of the tongue muscle architecture [34], which was 
more resistant to noise and artifacts. By registering the muscle architecture of an 
individual to that of the atlas, we hypothesized that the segmented fiber tracks 
of the atlas can be morphed back to an individual’s space and, subsequently, from 
these segmented fiber tracks a personalized biomechanical model can be created. 
These models were validated by comparing the predicted range-of-motion (ROM) 
of the tongue with the ROM measured in vivo using 3D optical tracking [35].

6.2 METHODS

The following section covers the characteristics of volunteers and the 
measurement of their ROM. Next, the creation of the personalized biomechanical 
models is described, which is summarized in Figure 6.1. Methods are divided into 
those applied to the atlas (Figure 6.1 A1–9) and those applied to personalized 
models (Figure 6.1 P1–7). Finally, the ROM predicted by these biomechanical 
models and the atlas were compared to the measured ROM.

Volunteers & ROM measurement
A total of ten healthy volunteers were included with a mean age of 60 years 
(range: 50 to 71; seven men) to match the same age group of tongue cancer 
patients. Volunteers with steel braces or any contra-indication to an MRI scan 
were excluded.

The ROM of the tongue was obtained by optical tracking of a marker on the tip 
of the tongue using a 3D camera. The volunteers were asked to perform five 
different tongue movements: left, right, down, and protrusion as described in 
the paper by Kappert et al. [35]. Written informed consent was obtained from 



143

Personalized biomechanical tongue models based on diffusion-weighted MRI

all volunteers before inclusion. This study was approved by the medical ethical 
committee of the Netherlands Cancer Institute (ref: N17BTM).

CSD MRI acquisition and processing
The volunteers were scanned in a 3 T Philips MRI scanner (Philips Healthcare, 
Best, The Netherlands) using a neurovascular coil according to the CSD scan 
protocol by Voskuilen et al. [33] (Figure 6.1 P1). The raw diffusion-weighted 
images were acquired using the following parameters: single-shot spin-echo 
echo-planar imaging; echo-train length 25; repetition time: 3.4 s; echo time: 60 
ms; two repetitions with opposing phase-encoding directions; number of signal 
averages: 1; fat suppression: spectral presaturation with inversion recovery and 
slice-selection gradient reversal; field-of-view: 192 by 156 by 84 mm; voxel size: 
3 mm isotropic; b-value: 700s/mm2 along 64 directions evenly spaced over a 
hemisphere and optimized for gradient load; total scan time: 10 minutes.

Subsequently, the diffusion-weighted images were denoised [36]. In FSL [37], 
the diffusion-weighted images were corrected for distortions caused by B

0
-

inhomogeneity, eddy currents from the diffusion-encoding gradients, and 
rigid motion [38]. For all subjects, masks of the tongue were created by manual 
delineation in ITK-Snap [39]. In MRtrix3 [40], the corrected diffusion-weighted 
images were upsampled to a resolution of 1.5 mm isotropic using a b-spline 
interpolation. For each volunteer, a response function was estimated that 
corresponds to a single fiber population [41]. By deconvolving, using CSD, the 
corrected diffusion-weighted images with this response function [42], fiber-
orientation distribution (FOD) maps were calculated up to a maximum spherical 
harmonic degree of 8 (Figure 6.1 P2).

Finally, using symmetric diffeomorphic registration based on the FOD maps [43], 
displacement fields were calculated from each volunteer to the tongue muscle 
atlas described in Voskuilen et al. [34] (Figure 6.1 P3). This atlas is a population 
average of ten volunteers different than those included in this study (mean age 
of 25.5 years; four female). The difference between the registered FOD maps and 
the atlas was quantified by the L

2
-norm and the angular correlation coefficient 

[44]. The calculated displacement fields were used later in this work to morph the 
generical biomechanical model of the atlas.

6
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Figure 6.1 - A flow chart of the steps required to create an atlas-based (A1–9) and a personalized 
model (P1–7)



145

Personalized biomechanical tongue models based on diffusion-weighted MRI

Fiber tracking and filtering
Although it would be possible to compute a 3D vector field (required to build 
a biomechanical model) from the FOD maps directly, CSD-based fiber tracking 
was first performed on the atlas [45] (Figure 6.1 A3). Fiber tracking ignored 
many spurious vectors, and the segmentation of streamlines was less time-
consuming that segmentation of vectors. For this global fiber tracking, the 
following parameters were used: step size: 1.5 mm; angular threshold: 15°; 
FOD peak threshold: 10% of the largest peak; maximal length: 100 mm; minimal 
length: 10mm; number of seed points: 10,000 randomly placed within the mask. 
In TrackVis [46], the fiber tracking was manually segmented into the following 
muscle tracts: genioglossus, geniohyoid, hyoglossus, inferior longitudinal, superior 
longitudinal, transverse, and vertical muscles (Figure 6.1 A4 and Figure 6.2). 
These segmentations were subsequently checked by a head-and-neck surgeon. 
The styloglossus muscle could not be distinguished from the inferior longitudinal 
and was therefore not included [33].

Figure 6.2 - Side view of the segmented fiber tracts of the atlas.

In Matlab R2019a (Mathworks, Natick, MA), these atlas tracks were mirrored 
in the midsagittal plane to ensure the symmetry of the atlas (Figure 6.1 A5). To 
remove faulty tracks, while preserving the muscle shape, the muscle tracts were 
filtered using the criteria shown in appendix I (Figure 6.1 A6). These criteria were 
chosen empirically based on the reduction in outliers and the expected curvature 
obtained from earlier anatomical research [9].

For each volunteer of the study group, the deformation fields obtained from the 
registration were used to morph the filtered tracts from the atlas into personalized 
tracts (Figure 6.1 P4). The personalized tracts may have been rotated during 

6
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morphing and were therefore reoriented, based on the orientation of the muscles 
before morphing.

FE model construction
The tracks of both the atlas model and personalized models were converted into 
vector fields of muscle fiber direction (Figure 6.1 P5 and Figure 6.1 A7), using the 
following steps. For each muscle, a convex hull was calculated that enclosed the 
filtered tract (Figure 6.3 A–B). These convex hulls were filled with a uniformly-
distributed grid of vectors, where the direction of these vectors was determined 
by an inverse distance interpolation of nearby tracks (Figure 6.3 C; Eq 6.1). This 
was done for both left and right muscles independently if applicable (Figure 6.3 D).

Eq 6.1 -n xgrid ( ) the uniformly distributed grid of vectors within the convex hull 
and ntracki, the original tracks. d trackix,( ) is the distance of vector x  to tracki

The genioglossus muscle was divided into an oblique and horizontal part based 
on the estimated position of the short tendon [8]. With all tracks combined, a 
convex hull was generated to create a mesh of the tongue. In Meshlab [47], the 
HC Laplacian filter [48] was used to smoothen the mesh. Attachment points for 
the mandible and hyoid bones were determined based on the endpoints of the 
extrinsic muscle tracts from the atlas model.

Figure 6.3 - The tracks (blue) and filtered tracks (red) from the inferior longitudinal muscle (a); the 
convex hull enclosing these tracks (b); a uniformly-distributed vector field based on the direction of 
the tracks within the convex hull (c); and vector fields of both left and right muscles (d)

Using ArtiSynth [49] —a platform for combined multibody and FE modeling— the 
muscle vector fields and tongue meshes of the atlas and the ten volunteers were 
integrated into a biomechanical model (Figure 6.1 P6, A8 and Figure 6.4) using the 
following steps, which are similar to those described by Kappert et al. [14]. The 
mesh of the tongue is embedded into an FE model consisting of cubic hexahedral 
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elements. For every element, the direction of muscle contraction is determined 
by the previously calculated muscle vector fields. The attachment points to the 
hyoid and mandible were simulated by making FE nodes non-dynamic. For the 
mechanical properties of the muscle, a Mooney-Rivlin material was chosen with 
c10 equal to 1037 and c20 equal to 486. Rayleigh damping coefficients of α = 40 
s-1 and β = 0.03, and a density of 1040 kg/m3 were used, comparable to those used 
by Buchaillard et al. [50], Stavness et al. [49] and Kappert et al. [14]. Muscle stress-
strain functions were simulated using ArtiSynth’s interpretation of the method 
by Blemker et al. [51] In this method, stress and strain are influenced by muscle 
activation based on the direction of that particular muscle.

Figure 6.4 - Sagittal section view of personalized FE tongue models of the ten healthy volunteers. The 
direction of force of the muscle elements has been color-coded: anterior-posterior in red; right-left in 
green; and feet-head in blue. Bone attachment points are visualized as floating point outside the mesh. 
The mandible attachment points are visualized in blue, and those of the hyoid bone in white.

Simulation and analysis
Inverse simulation, provided by ArtiSynth [49,52], was used to instruct the tongue 
tip of the personalized FE models to consecutively move to a point anterior, 
inferior, left and right of its initial location. The predicted ROM was defined as the 
distance from the initial location to maximal deflection in one of the instructed 
directions.

The tongue can reach strain values of 200% for elongation and 160% for contraction 
[53]. Using the current hyperelastic model and mechanical properties, it was not 
possible to simulate these magnitudes of deformation. We, therefore, accepted 
that the magnitude of the predicted ROM would be less than the measured ROM. 
To be able to compare the differences between the predicted ROM’s and their 
match to the measures ROM’s, four scaling factors were calculated, one for every 
direction of movement. To make sure outliers would not affect the scaling factors, 
these factors were determined by an iterative process to achieve the maximum 

6
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number of predicted ROMs (ROM i jpred ,( )ROM i jpred ,( )) that were within the CI (ROM i jpred ,( )) of the 
measured ROM ( ROM i jmeas ,( )ROM i jpred ,( )) (Eq 6.2).

Index for the 4 different movements

Index for the 10 volunteers from the study group

Predicted ROM}

Measured ROM}

The scaling factor applied to predicted 

Twice the standard deviation of the measured ROM (i.e. 6 mm)

Eq 6.2 - Through an iterative process, the scaling factor should result in the highest 
number of predictions ROM i jpred ,( )ROM i jpred ,( ) within the bounds ROM i jpred ,( ) of the measured 
ROM (ROM i jmeas ,( )ROM i jmeas ,( ))

The predicted ROM was compared to the in vivo measured ROM of the 
individual on whom the personalized model was based. To show the benefit 
of personalization, also the Atlas model (essentially a generic model) will be 
compared with the measured ROM. Only when the personalized models perform 
better than the atlas, we can conclude that personalization improves the ROM 
prediction.

Previously, the precision of the ROM measurements (quantified by the standard 
deviation) was determined to range from 2.3 mm to 3.2 mm [35]. We, therefore, 
assumed a precision of 3 mm (3.2 mm rounded off) for all ROM measurements. If 
a predicted ROM fell within 95% confidence interval (CI), i.e. within two times the 
standard deviation, we judged the measurement to be correct.

6.3 RESULTS

Visually, the FOD maps were well aligned to the atlas. The mean L
2
-norm between 

the FOD maps and the atlas was 0.302 (SD 0.030). The average angular correlation 
coefficient was 0.634 (SD 0.057).
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Figure 6.5 - Range-of-motion (ROM) in mm for the ten healthy volunteers (01–10) and the Atlas 
(Generic model), for protrusion, and the down, left, and right movements. The predicted ROM of the 
personalized and atlas (generic model) is given in blue, the scaled predicted ROM in orange, and the 
measured ROM in yellow. The grey box depicts the interval of two times the standard deviation of the 
measured ROM within which the predicted ROM values of both atlas and personalized models are 
assumed to be accurate

In Figure 6.5, the distances for specific tongue movements of both the measured 
ROM and predicted ROM are shown for all ten subjects. For the predicted ROM, 
both the scaled and non-scaled movements are shown. The scaling factors are 2.6 
for protrusion, 2.2 for down, 2.4 for left, and 2.6 for right. Protrusion and down 
movements show the best agreement between predictions and measurements, 
as nine out of ten (90%) predicted ROM’s are within the CI. Eight movements 
(80%) to the right were predicted to be within the CI, but for the movement to 
the left, only six (60%) were predicted to be within the interval. In total, 32 out of 
the 40 predictions (4 movements, 10 volunteers) from the personalized models 
were within the CI. The largest disagreements between the prediction and in vivo 
measurement were found in subject 08.

6
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In Table 6.1 the percentual differences of the models with the measured ROM are 
shown for every subject. The model that predicts the ROM better differs between 
subject and movement, but a majority of the measurements are predicted better 
using the personalized model. The mean percentual difference per movement 
shows that for all movements the difference with the measured ROM is lower for 
the personalized models.

Figure 6.6 - An example of the maximum range in the ROM prediction for protrusion, down, left, and 
right using the personalized model of subject 1, 10 and the atlas.

In Figure 6.6 the atlas model and the personalized model of subject 3 are shown 
within the Artisynth environment. For the four simulated movements, the 
maximal extension is shown. Subject 3 demonstrated a ROM that that in 3 out 
of 4 movements could not be predicted using the atlas, but could be using the 
personalized model. The movement of the atlas, relative to its rest-state, looks 
larger in most directions than the personalized model as can be confirmed by the 
bar charts in Figure 6.5. Also, the tongue moves more upwards during the right 
movement. The magnitude of the movements of both models is smaller than what 
would be expected from a real tongue.

6.4 DISCUSSION

This study was a first approach to combine CSD MRI and FE modeling to create 
personalized biomechanical models of ten healthy volunteers. For the inverse 
simulations of protrusion and down movements, 90% of the predicted movements 
were accurate; for the right movements, 80% were predicted correctly; and for 
the left movements, only 60% were predicted correctly. Overall, the personalized 
models predicted 80% of the movements correctly, compared to only 50% for the 
atlas. Therefore, the personalized models predicted the ROM better than an atlas 
or a single generic model could.

6
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Although the downward movement of subject 8 with a relatively small tongue 
was exceptionally high, this measurement was confirmed to be correct upon 
reviewing the images from the 3D camera. The model was not able to reproduce 
this large ROM, which may indicate that a large ROM is not only a result of tongue 
muscle morphology. The ROM may also have been affected by other quantities 
that were not accounted for, such as the number of motor units or the stiffness, 
anisotropy, and density of the tissue.

In the posterior part or base of the tongue, breathing motion impaired the 
tracking of the superior longitudinal and transverse muscle [33]. Although these 
muscle tracts were filtered less vigorously, this could not resolve the absence of 
muscle tracts. Fortunately, the effect of the absence of these tracks is expected to 
be minimal, as the simulation of the ROM is less dependent on the musculature 
of the posterior tongue. Other artifacts, such as those caused by ferromagnetic 
crowns, resulted in signal voids in the diffusion-weighted images, and therefore 
gaps in the tractography of the tongue. As the biomechanical models were based 
on the atlas, where such gaps are not present, we assume these artifacts that 
occurred in individual data sets would cause minimal errors in the personalized 
models.

The genioglossus and geniohyoid muscles form one large continuous fan of 
tracks. As described in the literature some FE models divide the genioglossus 
into an anterior, middle, and posterior part [15,54–56], while others separate the 
genioglossus into a horizontal and an oblique subdivision [8,10,57]. We chose the 
latter because the location of the short tendon could be inferred from our atlas 
and could, therefore, be used as an anatomical marker to split the genioglossus in 
two. As the styloglossus could not be distinguished from the inferior longitudinal 
muscle in the fiber tracking, the styloglossus was omitted from the model. The 
effect on our simulations was expected to be limited since the styloglossus is 
mainly involved in retracting the tongue and swallowing.

Similar to CSD in the brain, the apparent fiber density could be derived from CSD 
in muscles, which should in principle relate to muscle strength [58,59]. Therefore, 
incorporating this apparent fiber density into our biomechanical models might 
improve the ROM predictions. However, since CSD MRI in the tongue is subject 
to higher noise levels and more motion artifacts than for example in the brain, in 
our opinion, the apparent fiber density can currently not be quantified accurately. 
We, therefore, assumed that the vectors describing the muscle direction where 
equally distributed within the area of specific muscles.

While large parts of the methods were automated, some key elements were 
still done manually. For the atlas, the segmentation of the fiber tracts and 



153

Personalized biomechanical tongue models based on diffusion-weighted MRI

the subsequent filtering were done manually. Techniques to automate these 
segmentation steps are not matured yet and therefore manual input is still needed. 
For the personalized models, only the initial masks were manually delineated. 
After this step, the models could be processed without manual interference.

In this study, we mirrored the atlas to make it symmetric. However, by applying 
the displacement fields to create personalized biomechanical models, asymmetry 
was reintroduced. In this study, the orientation of the personalized biomechanical 
models was based on the former position of the tracks within the atlas. This 
leads to small lateral asymmetry in the distribution of muscles. An alternative 
method would be to label based on its new midline. However, determining the 
exact midline remains challenging, and without a gold standard, there is no way to 
determine which method is best.

Similar to previous work [14], we used hexahedral cubic elements with embedded 
muscles and mesh for the FE model, which do not optimally represent the shape of 
a surface. As stated in the previous work the effect of this method on the mobility 
of the model is minimal. The choice for this embedded design was made so that in 
the future the virtual surgery method introduced in the aforementioned study can 
be used in combination with the personalization proposed in the current study.

In this study, optical tracking of the tongue tip was used to determine the ROM. 
Based on the results of Kappert et al. [35] that proofed the up movement unreliable, 
it was decided not to use this movement in the comparison. Not only the tongue 
but also the mandible and hyoid bone assist the tongue tip in reaching the desired 
position. How much influence these structures have on the tongue ROM depends 
on the anatomy, innervation, and brain-muscle control. This influence had not 
been measured and, instead, a marker on the mandible was used to compensate 
for the movement of the mandible [35]. This marker may however not always 
reliably compensate for all complex movements, and an error should be expected 
in the measured ROM. Predicted ROMs were therefore judged on whether they 
fell within the CI of this error. This CI was relatively wide, and might, therefore, 
have hampered the correct judgment of small variations between the predicted 
ROM and measured ROM.

In the biomechanical models, the magnitude of the predicted ROM was much 
smaller than that of the measured ROM which, therefore, had to be scaled. 
Incorporating movement of adjacent connected structured such as the hyoid 
bone might improve the range. Also, the mechanical properties were based on 
the model of Buchaillard et al. [50], which uses stiffer material properties than 
those originally measured in a cadaver study, to simulate an active state of the 
tongue [60]. Moreover, hyperelastic material models used in most FE tongue 
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models cannot cover all the complex properties of the tongue [15]. In this study, 
the FE model became unstable in extreme positions using lower stiffness values. 
Because the same stiffness is used for all personalized models, we assumed that 
the relative difference between models would still be comparable, independent 
of the stiffness value used. However, stiffness was not the only limiting factor. 
Also, the specific muscle morphology obtained from CSD MRI contributed to the 
small magnitude of motion that is smaller than other non-personalized models in 
the literature that use the same mechanical properties [14,15,50]. Manual editing 
of the muscle morphology might improve the magnitude of motion, but it was 
not considered as it would compromise the goal of this research, which was to 
automate FE modeling based on CSD data. Finally, the scaling of the predicted 
ROMs was, although very close, not the same in every movement direction. This 
corresponded to an asymmetry in the measured ROM, specifically, a deviation to 
the left. As explained previously [35], this may have been caused by the order of 
instructions given by the investigator.

In conclusion, we demonstrated that biomechanical models based on CSD MRI 
predict tongue ROM better than an atlas or generic model. To our knowledge, we 
are the first to report this personalization step for improving the prediction of 
tongue mobility. In the future, personalization may improve other biomechanical 
models such as those of speech and swallowing, potentially leading to better 
simulations of actual tongue functionality. In rehabilitation after tongue cancer 
surgery, models can potentially be used to simulate the tongue function that 
could be regained by practice. In the preoperative setting, we would expect 
an even larger potential for the prediction of tongue function, as alterations in 
tongue shape and musculature due to tumor growth would also be accounted 
for. Therefore, these results harbor a promising perspective for the development 
of biomechanical models that would better predict function loss of oral cancer 
patients and thus improve the choice of treatment in these patients.
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ABSTRACT

Treatments of head and neck cancers, particularly of tongue cancer, are 
notorious for their destructive effect on function and therefore quality of life. 
Post-treatment functional consequences are difficult to predict statistically, but 
biomechanical models could be a viable alternative in simulating the complex 
muscle structure, innervation, and tissue mechanics of the tongue. Previously, we 
developed a tool to simulate a surgical intervention using a biomechanical model 
of the tongue. It showed realistic deformations after partial glossectomy and 
primary closure. Another recent development is the use of diffusion-weighted 
MRI to reconstruct the crossing muscle fiber architecture using Constrained 
Spherical Deconvolution (CSD), which allows for multiple muscle directions to be 
divined in one spot. This study aims to combine the aforementioned techniques to 
create personalized post-operative biomechanical models and to compare these 
with a generic, non-personalized, models.

Eight tongue cancer patients were included in this study. All patients underwent 
a pre-operative diffusion-weighted scan. Following excision, a micro-CT of the 
specimen was made to provide 3D dimensions for the simulation of the surgical 
wounds. Two observers performed a surgical simulation using both a personalized 
model (based on a specific patient) and a generic model. To assess intra- and 
inter-observer variability, the procedure was repeated independently by each 
observer multiple times. The predictive capacity of the models was tested using 
pre- and post-operative standardized Range Of Motion (ROM) measurements of 
the tongue in-vivo. Pre-operative in-vivo ROMs were similar to those of healthy 
participants from a previous study, and post-operative in-vivo ROMs also matched 
the post-operative measurements of a previous study.

Compared with the generic model, the personalized model showed larger post-
operative impairments, which were closer to the in-vivo ROM than the effects in 
the generic model. In terms of the number of correct predictions, however, the 
full potential of this model could not be demonstrated due to unexpected MRI 
imaging failures in 8 out of ten patients. B0 inhomogeneities and involuntary 
movements were likely the causes behind these artifacts. Nevertheless, this 
research demonstrated a unique approach in the prediction of post-operative 
tongue function. Future studies, using improved methods to acquire CSD images, 
can utilize this method to create truly personalized models.
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7.1 INTRODUCTION

With approximately 250,000 cases annually, head and neck cancer accounts for 
4% of all malignancies in Europe [1]. The tongue and the base of the tongue are 
both essential for speech, swallowing, and mastication, and these regions account 
for around 20% of all head and neck carcinomas [2,3]. While not the most common 
cancer, head and neck cancers are notorious for their destructive effect on function 
and tend to have a significant negative impact on Quality of Life (QoL) [4–9].

Lower-staged tongue carcinomas (stage T1 to T3) are usually treated surgically 
[9–11]. In advanced disease or in cases of anatomical or functional inoperability, 
organ-sparing treatment is preferred, such as radiation or chemoradiation 
therapy [12,13]. However, if severe functional consequences are expected in 
lower-staged tumors, organ sparing treatment can be an option as well [4,14].

Post-treatment functional consequences are difficult to predict. Due to the 
complex anatomy and innervation of the upper aerodigestive tract generally, 
and the tongue more specifically, the problem is simply too complicated to allow 
for prediction without an objective tool [15,16]. In this context, biomechanical 
models, which can simulate the complex muscle structure, innervation, and tissue 
mechanics, are expected to be a suitable candidate [17].

In the past 25 years, progress has been made in the biomechanical modeling 
of the tongue, with many models being developed to study speech production 
and speech motor control [18–23]. In 2006, Gerard et al. [24] elaborated on the 
work of Wilhelms-Tricarico [25] by creating a Finite Element (FE) model of the 
tongue, based on data of the Visible Human Project [26] and MRI data of a single 
participant [20]. Using this model, Buchaillard et al. [23] simulated the postsurgical 
mobility by stiffening parts of the tongue. Furthermore, Fujita et al. [27] simulated 
a free-flap surgical approach by altering both the shape and stiffness of a model. 
However, these models were not able to simulate primary closure of the wound. 
In 2019, Kappert et al. [17] used the model from Buchaillard et al. [21] as a basis 
to create a user-friendly tool to simulate surgery. With this tool, sutures could be 
used as primary closure, thus simulating realistic deformation of tissue.

The above-mentioned proof-of-concepts showed promising results for the use 
of biomechanical models in the prediction of post-operative tongue mobility and 
possible changes in speech and swallowing function. The aforementioned models 
were mainly based on one participant, and could therefore not be translated to 
other patients. This is why, in another study, we tried to personalize the tongue 
models by reconstructing muscle bundles with the use of a diffusion-weighted 
MRI technique called ‘Constrained Spherical Deconvolution’ (CSD) [28]. Of ten 

7



164

Chapter 7

healthy participants, CSD data was used to create an atlas of the tongue muscles. 
It showed that the personalized models correctly predicted 80% of standardized 
movements whereas, without CSD, only 50% were predicted correctly.

In this study, we aimed to implement CSD data to create pre- and post-operative 
personalized FE models [28] with the use of our virtual surgery tool [17]. The 
individual’s pre- and post-operative mobility was assessed by measuring their 
tongue Range of Motion (in-vivo ROM) using optical tracking [15]. Next, the in-
vivo ROM was used to determine if the predicted ROM was improved by the use 
of a personalized model.

To assess the effect of the tumor on the pre-operative in-vivo ROM, we compared 
it to the in-vivo ROM of a previous study. Variations in the extent of virtual surgery, 
mimicking the real partial glossectomy, were addressed by two observers.

7.2 METHODS

Participants
A total of 11 tongue carcinoma patients were included between August 2018 
and March 2019. The following inclusion criteria were used: patients older than 
18 years, T-stage 1–3. All patients were treated with a partial glossectomy. The 
main exclusion criterion was a previous history of oral or oropharyngeal cancer. 
Patients who were not eligible for MRI, e.g. due to claustrophobia, shortness of 
breath while lying down, or pregnancy, were also excluded.

Patients were asked to participate in this study after their first outpatient 
visit. Before surgery, a diffusion-weighted MRI was made [29]. The ROM was 
determined using optical tracking [15]. Immediately after surgical resection, the 
tongue specimen was scanned using a micro-CT scanner to calculate the volume 
removed from the tongue. ROM measurements were repeated six months after 
surgery (Figure 7.1).

Figure 7.1 - Timeline of patient measurement procedures.

All procedures involving patients were in accordance with the ethical standards 
of the Medical Ethical Committee of the Netherlands Cancer Institute as well 
as the Declaration of Helsinki (1964) and later amendments. Written informed 
consent was obtained from every participant.
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Available clinical data were used to construct both pre-operative generic and 
personalized models. Subsequently, virtual surgery based on perioperative 
drawings in the patient’s file was performed by two observers with a medical 
background using both models as described by Kappert et al. [17]. One head-and 
neck-surgeon (AJMB) confirmed that the incisions created and subsequent post-
operative models were in line with the perioperative drawings.

Generic model
The generic model was constructed following Kappert et al. [17] and Artisynth 
[30]. The muscle anatomy and shape (3D mesh) of this model was adopted from 
the model by Buchaillard et al. [21] (Figure 7.2A). Based on this shape a coarse 
FE structure of cubic hexahedral elements was generated. The 3D mesh of the 
tongue was embedded in the FE model. This technique ensured quick and easy 
modification of the FE model, which is a prerequisite for virtual surgery.

The mechanical properties were the same as in previous iterations of the 
model. The viscoelastic nature of the tongue was modelled by a (hyperelastic) 
5-parameter moony Rivlin material model with C

10
: 1037 and C

20
 486 based on 

ex-vivo research by Gerard et al. [19] and fine-tuned by Buchaillard et al. [21]. The 
rest of the parameters were set to zero. In addition, a density of 1040 kg/m3 and 
Rayleigh damping coefficients α = 40 s-1 and β = 0 were used.

To simulate muscle contraction, externally applied stresses were used to deform 
the elements and to generate the effect of muscle contraction, as provided by the 
build-in function by Artisynth [30]. This function also enabled muscle stiffening 
based on the activation level [31]. Incompressibility was modelled by using a high 
bulk modulus of 100 C

10
.
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Figure 7.2 - A: The vector fields resembling muscle location and direction of the generic model. Red 
is anterior-posterior, green is lateral, blue is cranial-caudal. B: The vector fields resembling muscle 
location and direction of the atlas used in the personalized models. Muscle abbreviations are: genio-
glossus, -posterior (GGP), -middle (GGP), -anterior (GGA), geniohyoid muscle (GH), hyoglossus (HG), 
inferior longitudinal muscle (IL), mylohyoid muscle (MH), superior longitudinal muscle (SL), transverse 
muscle (TRA), vertical muscle (VER), styloglossus (STY) and digastricus (DG).

Personalized model
The personalized model utilized the same embedded-mesh approach as the 
generic model. The muscle fiber tracts in this model were based on tractography 
data from a diffusion-weighted MRI technique called Constrained Spherical 
Deconvolution (CSD). CSD enables crossing fibers to be visualized and is therefore 
especially suitable for visualization of tongue musculature. However, due to the 
susceptibility to high noise levels and artifacts, we created an atlas based on ten 
healthy volunteers, which was morphed back to that of a single patient (using the 
acquired diffusion-weighted images) to render high-quality, personalized fiber 
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tracks. The technique for acquiring CSD images has been described at length in 
the literature [28,32].

The tracks acquired using CSD were converted into vector fields resembling 
the shape and the direction of the muscle at every point in space (Figure 7.2B). 
In Artisynth, these vectors were converted to muscle elements, similar to the 
generic model.

Although the genioglossus (GG) in the generic model was divided into three 
parts [21], the GG of the personalized model was split into two. This concept is 
based on the location of the short tendon as described by Mu and Sanders [33]: 
distinct anatomical markers to split the GG into three are lacking. Visualization 
of the styloglossus was not possible in the atlas [32] and it was not used in the 
personalized model. This likely does not affect the ROM since the styloglossus is 
largely used for backward motion. In contrast to the generic model, the anterior 
bellies of the digastricus muscles were present in the personalized model. The 
effect of the different muscle bundles for both models was analyzed in Appendix C.

Virtual surgery
The embedded-mesh approach of the models enabled not only automatic 
generation of FE models but also real-time editing. The virtual surgery process 
was the same as in a previous publication [17] and can be summarized as follows:

With the virtual surgery method, the mesh of the generic or personalized model 
can be edited using a few tools. The excision wound can be delineated in a clock-
wise manner by selecting multiple points on the mesh (Figure 7.3A). With sliders, 
the depth of the incision, and the shape of the points halfway to the bottom of 
the incision can be adjusted to mimic the shape of the excision. The volume and 
dimensions of the incision are displayed. When the shaping of the surgical incision 
is finished, an FE model is generated according to the shape of the mesh using the 
same method as previously described. The muscle vector fields from either the 
generic or personalized model are embedded in the new FE model, except now at 
the location of the incision.

Using point-forces distributed over the edge of the incision and halfway, the 
incision is closed analogously to primary closure using stitches (Figure 7.3B, C). 
The point-forces are moved to the virtual plane that divide the wound over its 
longest cross-section. The force of these point forces can be manually adjusted. 
This results in realistic deformation of the model around the incision. The last step 
is to affix the virtual stitches into place and to allow the model to reach a steady-
state without the point forces ‘pulling’. The deformed mesh and muscle vector 
fields are preserved to simulate the ROM in the post-operative state. A vector 
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field describing the extent of the defect is saved to define the area of fibrosis in 
the post-operative model (Figure 7.3D).

Figure 7.3 - A: The excision wound (in yellow) is delineated by selecting multiple points on the mesh. Also, 
the depth and height can be adjusted. B, C: Using point-forces distributed over the edge of the incision 
and halfway (green and red arrows), the incision is closed analogously to primary closure using stitches.  
D: The area of post-operative fibrosis is calculated and represented using a lighter shade of pink.

Validation using optical tracking of range of motion
To validate the simulated movements of the models, measurements from an 
optical tracking system were then used. The optical tracker is based on a triple-
camera system introduced in the work by van Dijk et al. [16] and improved upon 
by Kappert et al. [15].

To validate the capability of our models in mimicking the effects of surgery on 
tongue mobility, in-vivo pre- and post-operative tongue ROM measurements 
were performed on each participant. Using the triple-camera system and facial 
landmarks, the tongue tip of the patient was tracked in space and time while 
performing four tongue maneuvers: protrusion, and moving leftwards, rightwards, 
and downwards.

From these tongue trajectories, the protrusion-range, left-range, right-range, 
and down-range were extracted and compared with the mobility ranges of the 
tongue models. Two times the standard deviation of 3.5 mm was used to reflect 
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the uncertainty as measured in the work by Kappert et al. [15] of pre-operative, 
in-vivo ROM measurement.

To compare between ROMs after (virtual) surgery, the residual ROM was 
calculated, which is the post-operative ROM shown as a percentage of the pre-
operative ROM (reference-state). For the post-operative, in-vivo ROM, the 
variance was multiplied by two to account for the uncertainty of both the pre- and 
post-operative measurements, resulting in a coefficient of variation (C

v
) of 9.9%. 

Both the standard deviation and C
v
 are shown as grey overlays in the graphics 

depicting results. The up movement was not used since it cannot be measured 
reliably.

Observer variability of virtual surgery
Surgical excision, particularly partial glossectomy, is usually performed without 
image-based navigation. The size, shape, and method of stitching an actual 
surgical wound are never the same [34]. In the virtual surgery method, too, 
every observer and every session also produces slightly different results. In an 
attempt to minimize variability, two observers ran through the virtual surgery 
procedure three times for every participant using drawings from the surgical 
report. One head-and-neck surgeon (AJMB) was consulted to confirm whether 
the procedures were performed accurately. Before interpreting the final results 
of this paper, the variation caused by the manual nature of the operation was 
assessed. The variability was quantified by the coefficient of variation (C

v
, Eq 7.1) 

of the ROM movements, simulated by the specific post-operative models.

Where  is the mean distance (of the ROM) and  the standard deviation.

The C
v 

was calculated for every combination of movement, patient, and observer. 
To minimize variability, the result is presented by taking the median of the virtual 
surgery simulations of both observers, which is why the C

v 
for the observers was 

also combined was calculated.

Volume of removed (tumor) tissue
Using a micro-CT, scans were made of the resected specimen and subsequently 
segmented to obtain the volume. We succeeded in obtaining these scans in eight 
patients. For the three remaining patients, volumes were estimated based on the 
(three) dimensions obtained from the pathology report. The volumes (V) were 
estimated as an ellipsoid based on the measurements obtained:

7
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With a, b, c representing the three dimensions obtained from the pathology 
report. By estimating the volumes for all patients and comparing these to the 
available micro-CT data, we found that they did not exactly match up. Based on 
this difference, a correction factor of 0.69 was calculated to compensate for the 
deviation.

Since the personalized model was based on patients’ imaging data, its size was 
similar to the tongue size of the individual patient. The generic model, conversely, 
represents an average tongue size. The ratio between the generic model and the 
resection is therefore off and needs to be corrected for by scaling the volume (V) 
of the resected tissue to the size of the generic model:

7.3 RESULTS

Participant characteristics
Three patients were excluded from the initial study population of 11 participants: 
two patients underwent a combined mandibulectomy and neck dissection instead 
of the scheduled partial glossectomy and one patient refused the diffusion-
weighted MRI scan. Eventually, we were able to include eight partial glossectomy 
patients. The baseline and tumor characteristics are summarized in Table 7.1.

For the eight participants included in the study, ROM was assessed both pre- 
and post-operatively. However, due to motion artifacts, the obtained diffusion-
weighted MRI images were of insufficient quality in six patients. Only the data 
from the two remaining patient datasets were used to create generic and 
personalized biomechanical models.

Volumes of the tongue and specimen
Table 7.1 shows that the volumes of the tongues derived from the MRI scans 
varied considerably (> 50% in volume). It also shows the resected tissue based on 
ellipsoid calculation (Eq 7.2), the measured volume using micro CT, the derived 
volumes calculated based on the differences between micro-CT (Eq 7.3), and the 
ellipsoid calculation. The standard deviation of the differences between micro-CT 
and the ellipsoid calculation is 1.98 cm3. Only datasets of the highlighted patients 
6 and 8, from now on referred to as P1 and P2, were complete and could be used 
for the construction of personalized models. However, these models both lack 
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micro-CT data for the calculation of the volume of removed tissue. Therefore, the 
ellipsoid measurement with the correction factor is used to estimate the resected 
volume. For the generic model, the volumes of the removed tissue are corrected 
for the volume difference between the generic model and tongue and are shown 
in the last column.

Table 7.1 - Volume of the tongue and removed tissue in cm3. By comparing the results of the ellipsoid 
(calculated using Eq 7.2) with the micro-CT data a correction factor was calculated to be used in 
patients from whom the micro-CT data is missing. The relative volume is calculated using Eq 7.3.

Patient # Tongue 
volume 
(MRI)

Removed tissue volume based on:

Ellipsoid
(Eq 7.2)

Micro-CT Ellipsoid 
multiplied by 
correction factor: 
0.69

 (Eq 7.3)

1 151 39.6 25.35 27.4 18.2

2 97 23.1 18.0 16.0 20.1

3 173 14.7 - 10.2 6.4

4 124 8.8 11.8 6.1 10.3

5 115 22.0 14.6 15.2 13.8

6 (P1) 99 21.1 - 14.6 16.0

7 109 9.1 6.3 6.3 6.3

8 (P2) 136 38.3 - 26.5 21.2

Range of motion
To investigate any inconsistencies between the present and previous study [15] in 
both healthy individuals and post-surgery patients, we compared pre- and post-
operative in-vivo ROM with our earlier findings (Table 7.2).

Table 7.2 - Comparison between current and previous study of the total ROM in millimeters [15].

Current study Kappert 2019 [15]

Pre-surgery,
n = 8

Post-surgery 
approximately  
6 months, n = 8

Healthy n = 19 Post-surgery
(> 6 months,
n = 19)

Total range of motion: 
Left + right + out + down

165 mm
(126-191)

122 mm
(76 – 150)

162 mm
(124 – 196)

124 mm
(87-170)

The mean post-surgerical, total in-vivo ROM of the current study was only 
marginally different from the 19 post-surgery patients who were measured by 
in the work by Kappert et al. [15]. The pre-operative, in-vivo ROM was also within 
range of the in-vivo ROM in healthy participants.
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Clinical characteristics of P1 and P2
The tumor details of P1 and P2 are summarized in Table 7.3.

Table 7.3 - Tumor characteristics of patients P1 and P2 (formerly pnt 6 and 8). The relative volume of the 
removed tissue was used in the generic models, and the real tumor size was used in the personalized models.

Patients P1 P2

Tongue volume 99 cm3 136 cm3

Estimated removed tissue (personalized) 14.6 cm3 26.5 cm3

Relative volume of the removed tissue (generic) 16.0 cm3 21.2 cm3

Tumor stage T3 T2

Tumor location Left Right

Variability
Table 7.4 shows the coefficient of variation C

v 
for both observers. The combined 

C
v
 is generally below 4%. The peaks in C

v
 do not appear to be systematic. The low 

performance in the personalized model of P1 is especially noticeable. Both observers 
showed difficulties with reproducing the resection of the T3 tumor, which is reflected 
by the combined C

v
, (13.6%) of both observers in the personalized model of P1.

Table 7.4 - The coefficient of variation C
v
 of observers 1, 2, and both observers combined for the movements 

of P1 and P2. The first eight rows show C
v
 for each observer individually for each specific participant in both 

personalized and generic models. The C
v
s of both observers combined are displayed in the last for rows.

Patient C
v

Out Down Left Right Combined

Observer 1

P1
G 7.4% 12.7% 1.3% 0.9% 4.9%

P 8.8% 16.5% 7.0% 19.6% 13.1%

P2
G 4.2% 3.9% 2.6% 0.6% 2.7%

P 2.8% 1.8% 3.1% 2.8% 2.7%

Observer 2

P1
G 4.9% 3.2% 1.1% 4.1% 3.1%

P 10.8% 6.5% 1.4% 4.1% 8.7%

P2
G 26.1% 3.7% 0.9% 1.3% 5.2%

P 4.6% 2.4% 1.2% 4.3% 2.7%

Combined

P1
G 6.4% 9.5% 1.1% 3.4% 4.7%

P 9.9% 19.3% 10.5% 13.2% 13.6%

P2
G 17.4% 5.2% 1.8% 0.9% 4.7%

P 3.6% 2.4% 2.2% 3.8% 2.9%

Pre-operative measurements & simulations:
The pre-operative, simulated, and in-vivo ROMs (Figure 7.4) serve as a reference 
state for the post-operative measurements (Figure 7.5). The in-vivo ROM is about 
two times larger than the simulated ROM, but the rest of the comments will focus 
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on the relative differences between movements. The generic model was the 
same for both P1 and P2 and the simulated ROMs were therefore the same. The 
pre-operative, simulated ROMs for the personalized models were different and 
showed a ROM of P2 that was slightly larger than P1 in most directions, but less 
pronounced than in the in-vivo ROM. However, when taking the standard deviation 
for the in-vivo ROM into account, the pre-operative movements of P1 and P2 
were significantly different with the exception of the downward movement. This 
difference was not visible in the simulated ROM of the personalized model. There 
was also no significant asymmetry in the lateral pre-operative movements of the 
in-vivo ROM.

Figure 7.4 - In-vivo ROMs and simulated ROMs for the outward, downward, leftward, and rightward 
movements. The in-vivo ROM is depicted in yellow and the standard deviation of 3 mm in gray. The 
ROMs of the generic and personalized models for P1 and P2 are marked in blue and red, respectively.

Post-operative measurements & simulations
In Figure 7.5, the residual post-operative in-vivo ROMs and the residual of the 
simulated ROMs after virtual surgery are shown in percentages. The mean 
residual, based on the four movements of P2’s in-vivo ROM P2 (54%), was smaller 
than that of P1’s (67.7% ).

In the outward movement, C
v
 overlapped between P1 and P2 for both models 

and the in-vivo ROM, meaning that both models correctly showed there was no 
significant difference between P1 and P2. For the downward movement, the in-
vivo ROM of P1 was larger than P2. This was also be observed in the personalized 
model, although the large C

v 
of P1 caused the C

v
 to overlap slightly. The generic 
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model simulated a larger residual ROM for P2, which was not seen in-vivo. For the 
leftward movement, P2 was larger than P1. P2 (right-sided tumor) demonstrated 
restricted tongue movement to the right, in contrast to P1 (left-sided tumor), which 
demonstrated restrictions to the left. Both the generic and personalized models 
showed less overall impairment compared to the in-vivo ROM, despite having 
shown an improvement of ROM in the leftward movement of the personalized 
model of P2. Overall, the differences in the simulated ROM between P1 and P2 
were more pronounced in the personalized models and shared more similarities 
with the in-vivo ROM than the generic models did.

Figure 7.5 - The residual ROM for the outward, downward, leftward, and rightward movements, ex-
pressed in the percentage of the ROM before surgery (reference state). The simulated ROM of the 
generic model is blue, the simulated ROM of the personalized model is red, and the in-vivo ROM is 
yellow. The calculated C

v
 for each specific patient and simulated movement is depicted as a grey bar. 

The standard deviation of the in-vivo ROM is also shown in grey.

7.4 DISCUSSION

This study was the first to show the simulation of pre- and post-operative tongue 
mobility using personalized biomechanical models. The models were assessed 
using pre- and post-operative ROM measurements in patients. The inter- and 
inter-observer variability was assessed to ensure fair comparison between the 
generic and personalized models. Unfortunately, due to MRI artifacts, only two 
patient datasets could ultimately be used for analysis. Although this prevented 
definitive conclusions, the experiments still gave us a clear insight for the strategy 
of using biomechanical models that require relatively low effort in clinical practice.
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Range of Motion
The analysis confirms the repeatability of the in-vivo ROM procedure that was 
introduced by van Dijk et al. [16]. A difference of 38 mm was seen between healthy 
participants and post-operative patients. A significant finding was that the pre-
operative ROMs of patients and healthy participants were indistinguishable (only 
three mm difference). Given the substantial size of some of the tumors in this 
study, it is a clear sign that the maximum ROM does not necessarily affect the 
size of the tumor. However, this observation may not hold up for more complex 
movements as only simple reproducible movements were tested. Because of 
the limited effect on the tongue ROM, it seems not a prerequisite to include the 
tumor in the simulation process.

Variability
The variability of the measurements highlighted a general concern when 
simulating surgery of the tongue. Virtual surgery involving soft tissue without 
navigation is subject to inaccurate documentation. Next to visual tumor 
extensions, manual palpation of the tumor margins plays an important role at 
the deeper level of the incision in order to achieve tumor-free margins. This last 
part was not displayed in the surgical reports. On top of this, the two observers 
had difficulties doing 3D drawings based on the 2D surgical sketches from the 
patients’ files. The tongue, deformable and without fixed landmarks as it is, might 
be one of the most challenging organs to simulate surgically. The effectiveness of 
biomechanical modelling relies, therefore, to a great extent on future innovations 
in surgical navigation to ensure accurate tracking of the incisions around the tumor.

Pre-operative simulations
We recently presented simulations using personalized biomechanical models 
of healthy participants [28], successfully showing distinctive differences 
between individuals. Since only two personalized models could be used in the 
current study, it is hard to confirm our results. Only two out of four movements 
demonstrated distinctive differences between P1 and P2 in the personalized 
models. The downward movement of the personalized model was not different 
from the one in the generic model and the leftward movement was worse than 
the in-vivo ROM. It is therefore not currently possible to definitively prove that 
personalized pre-operative models of the tongue improve the level of prediction. 
Given the lack of differences in in-vivo ROMs between healthy participants and 
patients pre-operatively, it is plausible to assume that increasing of the number of 
study participants will lead to similar results in future studies.

Post-operative simulations
Both patients show the largest lateral impairment in ROM towards the side of 
the resection, which was the left side and right side for P1 and P2, respectively. 
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This effect was successfully predicted by the simulations of both the generic 
and personalized models. The downward and outward residual ROMs were not 
predicted correctly by both the generic and personalized models. The residual 
ROM of the personalized models is generally closer to the in-vivo residual ROM, 
showing more pronounced impairment than in the generic models. Despite the 
observed trend, the small study size once again prevents us from recommending 
the personalized model over the generic model at this point.

Some simulations demonstrated an exceptionally improved post-operative 
ROM, up to 124% in the case of the personalized left movement of P1. This is 
counterintuitive, but can be explained by the fact that tissue (model elements) 
removal results in less resistance during the movement. Especially if none of the 
muscles needed for a specific motion are removed, it is likely that the tongue 
movements will be more extended. Simulation of fibrosis by stiffening elements 
could also have side effects. In the human tongue, fascial planes affect the 
mobility of the tongue by providing additional support to muscles [35]. Since 
these structures are absent in the model, the stiffening of elements could create 
a crowbar-effect, resulting in an increased ROM.

Limitations
Trying to simulate the motion of the most complex muscle in the human body 
comes with understandable limitations. First, it is not yet known exactly how the 
tongue works in every respect. While Mu and Sanders’ research discussed key 
aspects of the innervation, the exact distribution of motor units in the tongue, 
neuro-muscular interactions, and muscle divisions are not fully understood 
[36]. In addition to this, tissue parameters cannot be fully explained using the 
conventional constitutive models, and are yet to be determined [22,37].

In the current study, we created models based on limited data due to unexpected 
artifacts in the diffusion-weighted MRIs. The CSD protocol that resulted in useful 
imaging of healthy participants [28] did not reach a similar level in patients. 
The B0-inhomogeneities were presumably caused by the lower volumes of the 
tongue after surgery. Because post-operative scanning took place at the end of 
the day, we expect that fatigue made it harder for the patients to avoid making 
(in)voluntary tongue movements. As diffusion-weighted MRI is more sensitive 
for artifacts than regular MRI, we could not use 75% of the data gathered. For 
future research, the protocol needs to be improved by shortening the scan time, 
by giving better instructions, and/or by using tools to limit or restrict tongue 
movement. The effect of B0-inhomogeneity on the lower volume needs to be 
assessed as well.
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In three out of the eight patients, we did not succeed in obtaining a micro-CT 
image of the specimen. Unfortunately, this include the two patients who were 
used to create our post-operative models. While the calculated conversion from 
the pathology report was accurate for the other six patients, with a standard 
deviation of only 1.98%, it still creates extra uncertainty when judging the data. 
The volume of the resections for the generic model was corrected for the size 
of the tongue because these could vary by more than 50%. This means that 
even for the generic model, segmentation of the tongue would be required to 
create a model with a relatively comparable resection size. This favors the use 
of the personalized model since the manual work required by both methods is 
about the same. However, tissue shrinkage was not been taken into account in 
this study, and this could have lead to an underestimation of the removed tissue 
volume. Studies report that tissue volume can end up 30% smaller just before 
final pathology reporting, of which the first 20% of the shrinkage occurs during 
the resection phase [38]. For larger tumors (T2-T3), this is significantly less.

Surgical wounds were drawn in 3D using a free-hand tool and perioperative 
drawings. While this is visually comparable to real surgery, it lacks feedback 
regarding the exact anatomical location of the tumor. Accuracy in drawing 
the surgical wound could be improved by visually overlaying the tumor in 
augmented reality. In the future, presurgical planning and surgical navigation 
could significantly improve the precision of the virtual incision and 3D wound 
dimensions, thus minimizing the mismatch between real surgery and virtual 
surgery.

In addition to the inaccuracy of the model and method, we also have to consider 
the difficulty in simulating the real surgical procedure. Perioperative drawings of 
the incision are not accurate in terms of exact dimensions and the template in the 
patient’s file at our institute only allows for a drawing of a certain orientation in 
2D. Several unpublished projects on the use of intraoral scanning at our institute 
tried to capture the 3D shape of a surgical wound, but the deformability of tissues 
and the reflective quality of blood have thus far prevented useable images from 
being captured.

Future perspectives
This study gave us a glimpse into the future of what plannable and predictable 
surgery could look like. It also indicated the significant hurdles that first need to 
be overcome before biomechanical modeling of post-operative function can live 
up to its potential.

The movement and deformation of the FE models are dictated by constitutive 
models that describe tissue behavior. The model used in our study does not 
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account for the complex viscoelastic behavior of the tongue but instead simplifies 
the tissue to a rubber-like (hyperelastic) material. With this simplified approach, 
the constants that describe the model are not even well-defined [22,37]. This 
makes the evidence-based simulation of tongue tissue a difficult task, with many 
unknown variables. New developments in the description of tongue tissue and 
treatment-induced fibrosis are essential for the future of biomechanical modeling.

Based on what we learned from this study, it is expected that the imaging of muscle 
fibers will be important in the development of future models. While CSD proved 
to be very useful in Kappert et al. [28] when imaging healthy participants, post-
operative imaging was only suitable for further analysis in 25% of the included 
patients. Improvements to this technique are required to make it robust enough 
to be usable in everyday clinical practice. More ideally, further improvements of 
diffusion-weighted MRI techniques and CSD could eliminate the need for an atlas 
to extract a detailed image of fiber tracks.

It is not possible to predict the outcome of surgical intervention if the geometry 
of the real surgical resection is not accurately mimicked in the virtual model. The 
implementation of proper surgical navigation is a prerequisite for attaining an 
optimal surgical simulation. Only with the use of this tool (and proper imaging of 
the tumor margins) in an augmented reality setting, can improved simulation of 
surgical intervention be achieved, resulting in a better prediction of the expected 
functional outcome. Because of the deformability of the tongue, surgical navigation 
in an of itself is an arduous task. Even without a model, surgical navication alone 
could theoretically contribute to greater surgical efficiency in achieving tumor-
free resection margins with less unnecessary removal of adjacent healthy muscle 
structures. Only after this breakthrough occurs can biomechanical modeling of 
the tongue find its way into clinical practice.

Conclusion
We used CSD and virtual surgery to create models simulating the post-operative 
state of the tongue after a partial glossectomy. Due to artifacts in the diffusion-
weighted MRI, post-operative models could only be created for two out of the eight 
patients, resulting in an underpowered study that demonstrates possible trends 
but prevents us from drawing definitive conclusions. We are inclined to state 
that the two personalized models are indicative of simulating more pronounced 
impairment of certain movements, which are closer to the in-vivo ROM in patients 
than was observed in the generic models. The many assumptions needed to create 
models speak to the need for additional research on tissue parameters, imaging 
modalities, and surgical navigation. Hopefully, biomechanical modeling of the 
tongue will contribute to better patient counseling and pre-operative outcome 
prediction in the future.
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8.1 ENGLISH SUMMARY

Chapter 1
Tongue cancer is not a common disease but treatment can have a devastating 
effect on speech, swallowing, and mastication. Surgery is currently the treatment 
of choice. Organ sparing alternatives such as radiotherapy or chemoradiation 
are resorted to in situations of anatomical or functional inoperability. The first 
type of inoperability includes cases in which surgery would affect vital organs, 
leading inevitably to serious or even life-threatening defects. The second type of 
inoperability refers to functional problems that are considered unacceptable for 
the patient. Assessing the extent of functional problems after surgery is complex, 
in part due to the anatomical and functional complexity of the organ itself: the 
interdigitating muscles, complex innervation and control, tissue characteristics, 
and the varying effects of fibrosis after treatment make predicting individual 
tongue function impossible based on experience and reasoning alone.

The aim of the Virtual Therapy project is to develop a Digital Twin model based on 
the actual physics and anatomy of the tongue. In a clinical workflow, this model 
could theoretically assist in predicting functional loss, thereby assisting the 
physician and patient to better understand the effects of treatment on function.

This thesis provided a glimpse in what we can expect from a Digital Twin and 
encompassed surgical simulation, optical tracking, tongue gymnastics, tissue 
properties, muscle fiber track imaging, and simulation of tongue mobility after 
partial glossectomy.

Chapter 2
In order to simulate post-operative function using a biomechanical model, a tool 
to perform “virtual surgery” is needed. While there are several software packages 
available to create biomechanical models, no software currently allows for a 
simulation of the resection procedure in primary surgery. Therefore we created 
a tool within the Artisynth modeling platform (University of British Columbia, 
Vancouver, Canada) based on a previous model by the TIMC-IMAG Laboratory at 
the University of Grenoble, France. Movement and deformation in these models 
are calculated using the finite element (FE) method, which divides a large structure, 
such as the tongue, into smaller parts (elements) that are easier to calculate. 
In this new approach, muscle fiber directions are embedded in the elements to 
effectuate contraction into the direction of the muscle fiber upon activation. A 
unique feature of the newly created model is that cubic-shaped elements can be 
changed dynamically to alter shape. Resections can be mimicked with relative 
ease by clicking several points on the tongue model surface in a clockwise manner, 
followed by finetuning of the depth and shape of the resection. In the next step, 
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the edges of the created incision are moved towards each other to simulate a 
suturing procedure. To allow for deformation of tissue during this procedure, a 
pre-operative FE model was created without elements, nodes, or muscle bundles 
inside the created surgical incision. During the last step, the tissue surrounding 
the incision is stiffened to simulate fibrosis. The strength of this procedure lies 
in the realistic deformation of muscle bundles inside the tongue (elements), as 
in real surgery. It was shown that the new approach enabled virtual surgery on 
an existing biomechanical model without seriously impacting the motion of the 
model during simulation of movements.

A simulated partial glossectomy based on a single clinical case showed that the 
model demonstrated the same type of impairment as observed in a post-operative 
video recording of the patient. The extent of impairment was partially determined 
by the degree to which fibrotic tissue is simulated. While the results are promising, 
this research also shows the urgent need for more objective methods to measure 
tongue motion, tissue, fibrosis properties, and tongue anatomy.

Chapter 3
To validate the performance of biomechanical models, the simulated movements 
need to be related to the post-operative movement of the patient in-vivo. A 
previously developed method to measure 2D Range of Motion (ROM) proved to 
be promising. Because the full 3D capabilities of the system were not used, it was 
not able to detect or correct for the angle of the tongue and jaw.

We developed a new method that placed markers on the tongue, jaw, and face 
of the patient. These markers were tracked in 3D while the patient performed 
outward, downward, upward, leftward, and rightward movements. The trajectory 
of the tongue was corrected for the position of the head and jaw and subsequently 
projected onto a 3D visualization of the head.

In Chapter 3, this new method was used to measure the ROM of 19 healthy 
participants, 18 post-chemoradiation, and 17 post-surgery patients. For every 
participant and patient, the ROM distance and the deflection angle of the tongue 
into a specific direction was measured. The technique showed an excellent intra- 
and interobserver variability (ICC >0.9 for all measures) and good reproducibility 
with a maximum standard deviation of 3.5 mm. The ROM was the smallest and the 
deflection the largest in post-surgery patients. Chemoradiation patients showed 
a ROM in between healthy participants and post-surgery patients. No distinctive 
asymmetry was noticed based on the tumor side or location.

8
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Research focusing on the validation of the biomechanical tongue using pre- and 
post-operative ROM measurements, as described in Chapters 6 and 7, benefited 
from this new technique.

Chapter 4
Chapter 4 takes a step back to focus on a relatively simple clinical feature with 
possibly large implications. Although never confirmed, it stands to reason that 
above-average preoperative mobility will result in better postoperative function. 
This is based on the fact that innervation of tongue muscles is known to differ 
among individuals, which suggests that the compensatory mechanisms after 
surgery might be related. This study, therefore, assessed the ability to perform 
five tongue movements as rolling, twisting (two sides), folding, and the ‘cloverleaf’ 
in a healthy population.

Pre-operatively, however, a tumor might restrict a patient from performing such 
movements. Whether a subject can recall if they can perform specific tongue 
movements is therefore important. To assess memory of movements and actual 
movements, two observers interrogated a group of 387 healthy participants, 
representative of the Dutch population. Participants were asked if they could 
perform certain tongue movement(s), after which they were asked to actually 
perform those movement(s). The percentage of people who could perform a 
certain movement was: rolling: 83.7%, cloverleaf: 14.7%, folding: 27.5%, twisting 
left: 36.1%, and twisting right: 35.6%. Comparison with the literature showed a 
distinctive difference in the number of people who can fold the tongue (3% versus 
27.5% in this study). Various conditional correlations were made and showed, for 
example, that the ability to roll the tongue is not a prerequisite for folding of the 
tongue. Of the participants, 9.9% and 13.1% incorrectly assumed that they could 
demonstrate tongue rolling and cloverleaf. Tongue folding and twisting (left or 
right) were incorrectly assumed in 36.9%, 24.1%, and 25.4% of the cases.

A strong recommendation for assessing tongue mobility before surgery was 
hard to make, as the two movements that people were most aware of (rolling and 
cloverleaf) were also the movements that occurred very often or very infrequently. 
This means that there are a large number of people who can perform rolling but 
cannot perform cloverleaf. This limits the number of patients that could benefit 
from the model and poses a potential problem for future study designs.

Chapter 5
One of the more pivotal aspects of FE simulation is the description of its material 
behavior. Most important in this respect are the characteristics of different 
tongue tissues and fibrotic changes after treatment. Tongue tissue in-vivo exhibits 
in general a nonlinear, time-dependent, and inhomogeneous behavior that is 
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significantly different from tissue ex-vivo. Tensile tests are the golden standard 
to determine the material parameters but cannot be performed in vivo. Using a 
suction-based technique, it is possible to measure the deformation of tissue in vivo 
using a vacuum that is created inside a cup placed on the tongue mucosa. Measuring 
the pressure and removed volume reveals the aspirated tissue. Inverse modeling 
of this situation in a FE simulation can approach the parameters that are needed 
for the constitutive equation that describes the tissue characteristics. However, 
in living persons, muscle tone is always present at rest (AR). It was hypothesized 
that this muscle tone would be reduced in a state of general anesthesia (GA).

To measure the tissue characteristics AR and under GA, 10 patients with healthy 
tongues scheduled for gynecologic or urologic surgery were included. The 
measured pressure relative to the tissue shape change revealed that tissue under 
GA was stiffer than while awake in eight of the 10 participants. This significant 
difference is also visible in the Young’s modulus determined using the inverse FE 
simulation: a mean of 1638 Pa AR versus 3060 under GA.

Various hypotheses about the effects of anesthetics affecting tissue stiffness 
administered during GA, i.e. blood flow, perfusion, and upper airway reflexes, 
have been proposed but could not be confirmed. The method and analysis itself 
were critically reassessed and it was confirmed that no systematic error could 
have caused the difference between AR and GA.

While this research was initially aimed at finding a state of the tongue without 
muscle tone, it resulted in the discovery of a state with a much higher tissue 
stiffness than had been expected. The method itself proved to be reliable during 
in-vivo conditions AR, but the values of an absolute rest state of the tongue remain 
unelucidated.

Chapter 6
The size of the tongue can differ among humans: sometimes it can be more than 
twice the size of another individual. For accurate prediction of function loss using 
a Digital Twin model, personalization of the model is key. In Chapter 6, the aim 
was to personalize biomechanical models for 10 healthy subjects utilizing muscle 
fiber track data obtained with an MRI technique called Constrained Spherical 
Deconvolution(CSD).

A single MRI does not contain enough information to create detailed fiber 
tracks for a single subject. Therefore, the data of a single subject is registered 
to an average or atlas, created with 10 (other) previously scanned subjects. The 
displacement field obtained from this registration was subsequently used to 
morph the atlas into a personalized muscle description of the tongue.

8
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Personalized models for all 10 subjects were created by taking the technique used 
in Chapter 2 to create a biomechanical model and by changing the generic muscle 
bundles for these personalized muscle bundles. Via inverse modeling, the tongue 
model was instructed to move the tongue-tip outwards, downwards, leftwards, 
and rightwards as far as possible, thereby calculating the muscle activations 
needed to achieve these positions.

As explained in Chapter 3, a comparison with the ROM of all ten subjects showed 
that the personalized models predicted the ROM correctly in 80% of the cases 
after a correction factor was applied. Without personalization, only 50% of the 
cases were predicted correctly. It was striking to observe that the biomechanical 
models were not able to reach the same magnitude of ROM as was observed in-
vivo. To compensate for this phenomenon, a correction factor was calculated. A 
challenge that remains when creating FE models of the tongue is to show large 
deformations without becoming numerically unstable.

Chapter 7
In Chapter 7, we used our knowledge from the previous chapters to test the level 
of prediction of mobility after partial glossectomy by the use of a personalized 
biomechanical tongue model. The generic and personalized models of Chapter 6 
and the surgical simulation tool of Chapter 2 were validated by optical tracking 
described in Chapter 3.

For this study, eight patients were included immediately after having been 
diagnosed with tongue cancer. Preoperatively they underwent MRI (CSD) 
imaging and a ROM measurement. Within an hour after the surgical resection, 
the specimen was scanned in a micro-CT scan to obtain the 3D dimensions of the 
surgical wound. At a minimum of six months after surgery, the patient performed 
an additional post-operative ROM measurement. Unfortunately, only two out of 
eight MRI scans were of sufficient quality to be used for creating a personalized 
biomechanical model, due to unexpected artifacts caused by B0 inhomogeneity 
and involuntary movements. Therefore, the subsequent analysis could only be 
performed for two subjects.

Using the patient files, two observers were instructed to recreate the surgical 
wound three times on both the generic and personalized models of the 
participants using the surgical tool as described in Chapter 2. As is true for real 
surgery of the tongue, creating the same incisions is difficult given the absence of 
clear landmarks of the tongue.

Inverse simulations of all the generic and personalized models created by the 
two observers were performed. The tongue tip was made to move outwards, 
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downwards, leftwards, rightwards and upwards. For the subsequent analysis, the 
mean simulated ROM of the multiple models of both observers was taken.

The results show that the personalized model can simulate more distinctive 
movement impairments than the generic model. However, because only two 
patient models could be created for comparison, no definitive conclusion could 
be drawn.

In addition to the fact that the simulated ROMs cannot reach the same magnitude 
of ROM in-vivo (Chapter 6), the imaging technique appears not yet ready for 
applications to predict tongue mobility post-surgically.

Conclusion and future perspectives
One decade after the initiation of the Virtual Therapy project, this is the third 
thesis bringing us closer to the creation of a Digital Twin to predict function loss 
and help guide physicians and patients in the clinical decision-making process. 
The tongue is a vital organ essential for many important functions of daily life, 
such as speech, swallowing, and mastication. Damage to this organ has serious 
consequences for quality of life and physiological well-being. The complex 
structures, innervation, and tissue properties make the tongue one of the most 
difficult organs to investigate – but this complexity also forecloses opportunities 
for research.

This thesis is characterized by exploring unknown territory at high speed. By 
pursuing the goal of creating personalized postoperative prediction models, 
various interesting topics have been touched upon that are now available for 
further scientific research. From the research conducted as part of this thesis, we 
have learned that a functioning biomechanical model and tools of interaction are 
relatively straightforward to implement, but that personalization poses the real 
challenge.

Imaging modalities are essential for the representation of muscle anatomy and 
innervation. Diffusion-weighted MRI and techniques such as CSD (Chapter 6) 
showed potential to accurately represent tongue anatomy, but are currently 
very sensitive for motion artifacts or result in very long scan times. Improving 
these techniques is key for the further development of biomechanical tongue 
models. Used in combination with (waterproof and high density) surface 
electromyography, action potentials could be followed and subsequently used to 
map innervation patterns in the tongue.

For accurate deformation of the tongue and fibrous tissue, a solid mathematical 
description of the tissue parameters is essential. Measurements in a steady-

8
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state situation are needed to obtain the parameters of tongue tissue in rest. We 
know that this state is not present in the ex-vivo situation, but in this thesis, we 
also learned that it is not present in the in-vivo situation under general anesthesia 
caused by effects that are currently unknown. This still leaves the scientific 
community with the question of how to approach the exact tissue properties 
of the tongue. In addition, an effort was made to use ultrasound elastography 
to determine differences between fibrotic and non-fibrotic tissue. This was not 
pursued further after it became apparent that the inhomogeneity and many 
muscle directions made it difficult to perform reliable measurements. However, 
with the new technique introduced in Chapter 5, it might be possible in the future 
to measure the relative difference between fibrous and normal tissue.

Despite these many fundamental challenges, we cannot forget the initial goal of 
creating a reliable method for predicting function loss to help guide the physician 
and patient in their decision-making. In order to make progress in the short term, 
multiple phases with clinically applicable models or decision aids are needed, 
starting with a low grade of personalization, and gradually working towards a 
fully personalized model. This requires a focus on the translation of mobility 
measures of the model to actual function. In this first step, different defined cases 
can be showcased and validated against real function. For example, such a case 
might show a range of functional effects of a tumor at the left base of the tongue 
or a tumor at the tip of the tongue. Various techniques – not only limited to 
biomechanical modeling – can then be used to optimize the prediction. A hybrid 
of a biomechanical model with a statistical algorithm could, in addition to the 
physical simulation of post-operative motion, also account for other details that 
cannot be simulated, such as patient characteristics, comorbidity, or the ability to 
perform specific tongue movements, such as rolling and cloverleaf (Chapter 4).

Advanced 3D tracking techniques, such as electromagnetic articulography or 3D 
dynamic MRI could also be used to obtain more detailed tongue motion during 
talking, swallowing, or mastication. In a more advanced biomechanical model, 
simulation of a solid or fluid bolus in a post-operative model could show the 
implications for mastication and swallowing. Speech syntheses could deform pre-
operative speech to match the speech of the modeled post-treatment outcome. 
These same techniques can be used to predict the effects of rehabilitation and 
training. While pursuing the ideas of this ambitious project, it is important to 
show progress and set short-term goals as guideposts on the road towards the 
creation of a true Digital Twin. In this thesis, we got a glimpse of what this journey 
might look like, and the next step is to continue down this road.
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8.2 NEDERLANDSE SAMENVATTING

Hoofdstuk 1
Tongkanker is geen veelvoorkomende ziekte, maar de effecten van de behandeling 
kunnen bij gevorderde ziekte desastreuze gevolgen hebben voor spraak, slikken 
en eten. Chirurgie is op dit moment de meest voorkomende behandeling. 
Maar er kan ook worden gekozen voor orgaansparende behandelingen, zoals 
radiotherapie of chemoradiatie bij anatomische of functionele inoperabiliteit. 
Het eerste type inoperabiliteit betreft de situatie waarin een operatie vitale 
organen aantast, met hoogstwaarschijnlijk levensbedreigende schade tot 
gevolg. Het tweede type betreft functionele problemen die voor de patiënt 
onaanvaardbaar zijn. Het beoordelen van deze functionele problemen is met 
name lastig vanwege de complexiteit van het orgaan. De kruisende spiervezels, 
de complexe innervatie en interactie met het brein, de weefseleigenschappen 
en de slecht voorspelbare effecten van fibrose na een behandeling maken het 
onmogelijk om de postoperatieve tongfunctie te voorspellen op basis van alleen 
kennis en ervaring.

Het Virtual Therapy project heeft de ambitie om een ‘  digitale dubbelganger’ te 
ontwikkelen op basis van de echte fysica en anatomie van de hoofd-halsregio. In 
een klinische setting kan dit model helpen bij het voorspellen van functieverlies, 
waarmee aan de arts en patiënt de effecten van de behandeling op functies 
getoond kunnen worden.

Dit proefschrift geeft een eerste indruk van wat we kunnen verwachten van 
een digitale tweeling. Hierbij verkennen we chirurgische simulaties, optische 
tracking, tonggymnastiek, weefseleigenschappen, beeldvorming van spiervezels 
en simulatie van tongmobiliteit na een partiële glossectomie.

Hoofdstuk 2
Om de postoperatieve functie te kunnen simuleren met een biomechanisch model, 
is een ‘tool’ nodig om virtuele chirurgie uit te voeren. Hoewel er verschillende 
softwarepakketten zijn om biomechanische modellen te creëren, biedt geen 
enkele software de mogelijkheid om de chirurgische resectie te simuleren. 
Daarom hebben we binnen het Artisynth-modelleringsplatform (University of 
British Columbia, Vancouver) een tool gecreëerd op basis van een eerder model 
van het TIMC-IMAG-laboratory van de Universiteit van Grenoble. Beweging 
en vervorming van deze modellen worden berekend met behulp van de eindige 
elementenmethode (Finite Element; FE), waarmee een grote structuur, zoals de 
tong, wordt verdeeld in kleinere delen (elementen). Bij deze nieuwe benadering 
zijn spiervezelrichtingen ingebed in de elementen om bij activering de contractie 
in de richting van de spiervezel te bewerkstelligen. Een uniek kenmerk van 
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dit nieuwe model is dat kubusvormige elementen dynamisch kunnen worden 
toegevoegd of verwijderd om de vorm van het eindige elementenmodel aan 
te passen. Op een gebruiksvriendelijke manier kunnen chirurgische resecties 
worden nagebootst door simpelweg de resectie op het tongmodeloppervlak te 
tekenen. Hierna kan ook de diepte en vorm van de resectie worden aangepast. 
Een nieuw FE-model wordt gecreëerd op basis van de tongvorm met resectie 
waardoor elementen en spierbundels op de plek van de resectie verdwijnen. In 
een volgende stap bewegen de randen van de gemaakte incisie naar elkaar toe 
om zo een   hechtingsprocedure te simuleren. Een voordeel van deze procedure is 
dat de spierbundels in de tong (elementen) vervormen, vergelijkbaar met echte 
chirurgie. Tijdens de laatste stap wordt het weefsel rond de incisie verstijfd 
om littekenweefsel na te bootsen. In deze studie hebben we laten zien dat het 
mogelijk is om virtuele chirurgie toe te passen op een bestaand model, zonder dat 
de gesimuleerde postoperatieve bewegingen hierdoor beïnvloed worden.

Een gesimuleerde partiële glossectomie op basis van één casus toonde aan dat het 
model hetzelfde type beperking vertoonde als de patiënt op een postoperatieve 
video-opname. De mate van beperking wordt beïnvloed door de hoeveelheid 
en de stijfheid van het gesimuleerde littekenweefsel. Hoewel de resultaten 
veelbelovend waren, bleek ook dat er veel behoefte was aan meer objectieve 
manieren om tongbewegingen, weefseleigenschappen, fibrose-eigenschappen 
en de tonganatomie te verkrijgen.

Hoofdstuk 3
Om een indruk te krijgen van de prestaties van biomechanische modellen, 
moesten gesimuleerde bewegingen worden gevalideerd met postoperatieve 
tongbewegingen van patiënten in-vivo. Een eerder ontwikkelde methode om 2D 
Range of Motion (ROM) te meten, was veelbelovend. Echter, omdat de volledige 
3D-mogelijkheden van het systeem niet werden gebruikt, kon de hoek van de 
tong niet worden gedetecteerd en kon er niet voor de stand van de kaak worden 
gecorrigeerd.

Daarom hebben we een nieuwe methode ontwikkeld met markers op de tong, 
kaak en gezicht van de patiënt. Deze markers werden in 3D gevolgd terwijl de 
patiënt afzonderlijke tongbewegingen naar buiten, naar beneden, naar boven, 
naar links en naar rechts uitvoerde. Het traject van de tong werd gecorrigeerd 
voor de positie van het hoofd en de kaak en vervolgens geprojecteerd op een 
3D-visualisatie van het hoofd.

In hoofdstuk 3 werd de nieuwe methode gebruikt om de ROM te meten van 
negentien gezonde proefpersonen, achttien patiënten post-chemoradiatie en 
zeventien patiënten postoperatief. Voor elke deelnemer en patiënt werd de 

8
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ROM-afstand en de hoekafwijking van de tong in een bepaalde richting gemeten. 
De techniek liet een uitstekende intra- en interobserver variabiliteit (ICC > 0.9 
voor alle richtingen) en een goede reproduceerbaarheid met een maximale 
standaarddeviatie van 3,5 mm zien. De ROM was het kleinst en de hoekafwijking 
het grootst bij de postoperatieve patiënten. De patiënten post-chemoradiatie 
vielen tussen de gezonde deelnemers en postoperatieve patiënten in. Er werd 
geen significante asymmetrie opgemerkt op basis van de tumorzijde of locatie.

Onderzoek gericht op de validatie van de biomechanische tongmodellen door 
middel van pre- en postoperatieve ROM-metingen, zoals beschreven in de 
hoofdstukken 6 en 7, profiteerden van deze nieuwe techniek.

Hoofdstuk 4
Hoofdstuk 4 focust zich op een wat luchtiger onderwerp door te kijken naar 
simpele klinische eigenschappen van de tong, maar met mogelijk grote implicaties. 
Hoewel het nooit is bewezen, voelt het als vanzelfsprekend om aan te nemen dat 
een bovengemiddelde preoperatieve mobiliteit van de tong zal resulteren in een 
beter postoperatief functioneren. Dit is gebaseerd op het feit dat de innervatie 
van tongspieren verschilt van persoon tot persoon, wat erop zou kunnen wijzen 
dat de compensatiemechanismen na een operatie een rol zouden kunnen 
spelen in het functieherstel. In deze studie werd daarom het vermogen om vijf 
tongbewegingen uit te voeren beoordeeld. De bewegingen waren: rollen, draaien 
(twee kanten), vouwen en het maken van een ‘klaverblad’.

Preoperatief kan een tumor de patiënt echter belemmeren om een   dergelijke 
beweging uit te voeren. Daarom is het belangrijk dat men zich ervan bewust is dat 
hij/zij bepaalde tongbewegingen ooit heeft kunnen uitvoeren. Om te kijken hoe 
bewust mensen zijn van hun eigen tongbewegingseigenschappen, ondervroegen 
twee waarnemers een groep van 387 gezonde deelnemers, representatief voor 
de samenstelling van de Nederlandse bevolking. Deelnemers werd gevraagd of 
ze bepaalde tongbeweging(en) konden uitvoeren. Daarna werd verzocht deze 
daadwerkelijk uit te voeren. Het percentage mensen dat een bepaalde beweging 
kon uitvoeren was voor rollen: 83,7%, klaverblad: 14,7%, vouwen: 27,5%, naar 
links draaien: 36,1% en naar rechts draaien: 35,6%. Als we dit vergelijken met de 
spaarzame gegevens in de internationale literatuur zien we duidelijke verschillen 
met het aantal mensen dat de tong kan vouwen (3% in de literatuur en 27,5% in 
deze studie). Door te kijken naar voorwaardelijke kansen toonden we bijvoorbeeld 
aan dat het kunnen rollen van de tong geen voorwaarde is voor het vouwen van 
de tong. Van de deelnemers ging 9,9% en 13,1% er ten onrechte vanuit dat ze de 
tong kon rollen of een klaverblad kon vormen. Voor het vouwen van de tong en 
het draaien naar links of rechts gingen in 36,9%, 24,1% en 25,4% van de gevallen 
proefpersonen er ten onterechte vanuit dat ze dit konden.
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Er kon moeilijk een sterke aanbeveling worden gedaan om een van de bewegingen 
te gebruiken voor het beoordelen van de tongmobiliteit vóór een operatie, 
aangezien de twee bewegingen waarvan mensen zich het meest bewust waren 
(rollen en klaverblad) ook de bewegingen waren die heel vaak of heel weinig 
voorkwamen. De groep mensen die wel kan rollen, maar geen klaverblad kan 
uitvoeren is erg groot ten opzichte van de andere groepen. Dit beperkt het aantal 
patiënten dat baat zou kunnen hebben bij het model en vormt een potentieel 
probleem voor toekomstige onderzoeken.

Hoofdstuk 5
Een van de meest cruciale aspecten van FE-simulatie is de beschrijving van 
het materiaalgedrag. Het belangrijkste in dit opzicht zijn de kenmerken van 
verschillende typen tongweefsel en fibrotische veranderingen (verlittekening) 
na behandeling. Tongweefsel in-vivo vertoont over het algemeen niet-lineair, 
tijdsafhankelijk en inhomogeen gedrag, dat significant verschilt van de ex-vivo 
situatie. Testen met een trekbank zijn de gouden standaard als het gaat om de 
bepaling van materiaalparameters, maar kunnen niet in-vivo worden uitgevoerd. 
Met behulp van een op zuigkracht werkende techniek is het mogelijk om de 
vervorming van weefsel in-vivo te meten met behulp van een vacuüm dat wordt 
gecreëerd in een klein dopje dat op het tongslijmvlies wordt geplaatst. Door 
het meten van de druk en het verwijderde volume kan de vorm en daarmee de 
stijfheid van het opgezogen weefsel worden bepaald. Inverse modellering van 
deze situatie in een FE-simulatie kan de parameters benaderen die nodig zijn voor 
de constitutieve vergelijking die de weefselkenmerken beschrijft. Bij de levende 
tong is spierspanning echter altijd aanwezig in rust. De hypothese was dat deze 
spierspanning minder of afwezig zou zijn onder narcose.

Om de weefselkenmerken in rust en onder narcose te meten, werden tien patiënten 
met een gezonde tong, welke in afwachting waren voor een gynaecologische 
of urologische operatie, geïncludeerd. De gemeten druk ten opzichte van de 
verandering van de weefselvorm liet zien dat weefsel onder narcose veel stijver 
was dan in rust bij acht van de tien deelnemers. Dit significante verschil was ook 
zichtbaar in de Young’s (elasticiteits)modulus die was bepaald met behulp van de 
inverse FE-simulatie: een gemiddelde van 1638 Pa in rust versus 3060 Pa onder 
narcose.

Er is gezocht naar een verklaring door te kijken naar de effecten die anesthetica 
(die tijdens een narcose worden toegediend) zouden kunnen hebben op 
weefselstijfheid. Maar verschillende hypotheses over het effect hiervan op 
bloedstroom, perfusie en reflexen van de bovenste luchtwegen, konden met de 
verzamelde data in deze studie niet worden getoetst. De methode en analyse 
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werden kritisch bekeken om te bevestigen dat geen enkele systematische fout het 
verschil tussen de waardes in rust en onder narcose heeft kunnen veroorzaken.

Hoewel dit onderzoek aanvankelijk gericht was op het vinden van een toestand 
van de tong zonder spierspanning, resulteerde het in de ontdekking van een 
toestand met een veel hogere weefselstijfheid dan verwacht. De methode 
zelf bleek betrouwbaar te zijn bij in-vivo condities in rust; maar de waarden die 
de absolute rusttoestand van de tong beschrijven, zijn tot op heden nog niet 
gevonden.

Hoofdstuk 6
De grootte van de tong kan bij mensen verschillen. Soms kan de tong van de 
ene persoon tot meer dan twee keer zo groot zijn dan die van de ander. Voor 
een nauwkeurige voorspelling van functieverlies met behulp van een ‘digitale 
dubbelganger’, is personalisatie van het model essentieel. In hoofdstuk 6 was 
het doel om biomechanische modellen voor tien gezonde proefpersonen te 
personaliseren door gebruik te maken van spiervezelrichtingen verkregen met 
behulp van een MRI-techniek, genaamd Constrained Spherical Deconvolution 
(CSD).

Een enkele MRI-scan bevat echter niet genoeg informatie om de gedetailleerde 
spierstructuur van een persoon te verkrijgen. Daarom werden de gegevens van 
één proefpersoon geregistreerd richting een populatiegemiddelde (of atlas), 
welke was gemaakt met tien (andere) eerder gescande proefpersonen. Het uit 
deze registratie verkregen vectorveld werd vervolgens gebruikt om de atlas te 
vervormen richting een gepersonaliseerd vectorveld van de tongspieren.

Door de techniek uit hoofdstuk 2 te gebruiken om een   biomechanisch model te 
maken en de generieke spierbundels door deze gepersonaliseerde spierbundels 
te vervangen, werden gepersonaliseerde modellen voor alle tien proefpersonen 
gemaakt. Via inverse modellering werd het tongmodel geïnstrueerd om de 
tongpunt zo ver mogelijk naar buiten, naar beneden, naar links en naar rechts te 
bewegen, waarbij de spieractivaties werden berekend die nodig waren om deze 
posities te bereiken.

Een vergelijking met de ROM, zoals uitgelegd in hoofdstuk 3, van alle tien 
proefpersonen toonde aan dat de gepersonaliseerde modellen de ROM correct 
voorspelden in 80% van de gevallen nadat een correctiefactor was toegepast. 
Zonder personalisatie werd slechts in 50% van de gevallen de ROM correct 
voorspeld. Opvallend was dat de biomechanische modellen niet zo ver konden 
reiken als de gemeten tong in-vivo. Om dit fenomeen te compenseren, werd een 
correctiefactor berekend. Het is nog steeds een uitdaging om FE-modellen van de 
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tong te maken die grote vervormingen aankunnen zonder numeriek onstabiel te 
worden.

Hoofdstuk 7
In hoofdstuk 7 hebben we de kennis uit de voorgaande hoofdstukken gebruikt 
om de kwaliteit van de voorspelling van mobiliteit na een partiële glossectomie 
met behulp van een gepersonaliseerd biomechanisch tongmodel te testen. De 
generieke en gepersonaliseerde modellen van hoofdstuk 6 en de chirurgische 
simulatietool van hoofdstuk 2 werden gevalideerd met behulp van de optische 
tracking methode beschreven in hoofdstuk 3.

Voor deze studie werden acht patiënten direct na het eerste bezoek aan de 
polikliniek geïncludeerd. Preoperatief ondergingen de patiënten een MRI (CSD-)
scan en een ROM-meting. Binnen een uur na de chirurgische resectie werd het 
gereseceerde weefsel gescand in een micro-CT-scan om de 3D-afmetingen 
van de chirurgische wond te verkrijgen. Minimaal zes maanden na de operatie 
onderging de patiënt een aanvullende postoperatieve ROM-meting. Helaas 
waren slechts twee van de acht MRI-scans van voldoende kwaliteit om te worden 
gebruikt voor het maken van gepersonaliseerde biomechanische modellen. Dit 
komt door onverwachte artefacten, veroorzaakt door onvrijwillige bewegingen. 
De volgende stap kon daardoor slechts voor twee patiënten worden uitgevoerd.

Twee beoordelaars kregen de opdracht om, aan de hand van informatie uit het 
patiëntendossier, een chirurgische wond te creëren met behulp van de tool voor 
virtuele chirurgie, zoals beschreven in hoofdstuk 2. Dit deden de beoordelaars 
drie keer met zowel de generieke als de gepersonaliseerde modellen van de 
proefpersonen. Net als bij een echte partiële glossectomie, is het moeilijk om 
de exacte dimensies van de incisie te bepalen door het ontbreken van duidelijke 
oriëntatiepunten op de tong.

Vervolgens werden er inverse simulaties uitgevoerd met alle generieke en 
gepersonaliseerde modellen die door de twee beoordelaars geconstrueerd waren. 
In deze simulaties worden de spierbundelcombinaties berekend die de tongpunt 
naar buiten, naar beneden, naar links, naar rechts en naar boven laten bewegen. 
Voor het analyseren van de resultaten werd voor de gesimuleerde ROM’s, van de 
door beide beoordelaars gecreëerde modellen, het gemiddelde bepaald.

De resultaten laten zien dat het gepersonaliseerde model met meer detail een 
bewegingsbeperking kan simuleren dan het generieke model. Omdat er maar 
met modellen van twee patiënten simulaties konden worden verricht, kon niet 
geconcludeerd worden dat het gepersonaliseerde model statistisch significant 
beter was.

8
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Naast het feit dat de gesimuleerde ROM’s niet dezelfde afstanden van ROM in-
vivo kunnen bereiken (hoofdstuk 6), bleek de techniek om spiervezels te scannen 
met MRI nog niet voldoende geoptimaliseerd om deze op een betrouwbare 
manier te gebruiken bij patiënten.

Conclusie & toekomstvisie
Een decennium na de start van het Virtual Therapy project, is dit het derde 
proefschrift dat het project dichter bij de realisatie van een digitale tweeling 
brengt. Een biomechanisch model met als doel om functieverlies te kunnen 
voorspellen ter ondersteuning van klinische besluitvorming. De tong is een vitaal 
orgaan dat essentieel is voor veel belangrijke dagelijkse functies, zoals spreken, 
slikken en kauwen. Schade aan dit orgaan kan ernstige gevolgen hebben voor de 
kwaliteit van leven. De complexe structuren, innervatie en weefseleigenschappen 
maken de tong tot een van de lastigste organen om te onderzoeken. Maar dit 
biedt ook kansen.

Dit proefschrift kenmerkt zich door het met hoge snelheid verkennen van 
onbekend terrein. Met het nastreven van het creëren van gepersonaliseerde 
postoperatieve voorspellingsmodellen, zijn verschillende interessante 
onderwerpen belicht die in de toekomst verder kunnen worden onderzocht. Van 
de onderzoeken hebben we geleerd dat een functionerend biomechanisch model 
en een virtuele chirurgie tool relatief eenvoudig te implementeren zijn, maar dat 
vooral de stap naar personalisatie uitdagend is.

Beeldvormingstechnieken zijn essentieel voor de weergave van spieranatomie 
en -innervatie. Diffusie-gewogen MRI en technieken zoals CSD (hoofdstuk 
6) toonden potentie om de anatomie nauwkeurig weer te geven, maar zijn in 
de huidige staat van ontwikkeling erg gevoelig voor bewegingsartefacten of 
resulteren in zeer lange scantijden. Verbetering van deze technieken is essentieel 
voor de verdere ontwikkeling van biomechanische tongmodellen. In combinatie 
met (waterresistente en hoge dichtheid) oppervlakte-elektromyografie kunnen 
actiepotentialen worden gebruikt om de innervatiepatronen in de tong in kaart 
te brengen.

Voor een nauwkeurige deformatie van de tong en het bindweefsel tijdens 
simulatie is een gedegen wiskundige beschrijving van de weefseleigenschappen 
essentieel. Metingen van de tong zonder aanwezigheid van spierspanning zijn 
nodig om de parameters van tongweefsel in rust te verkrijgen. Bekend was dat 
deze parameters niet detecteerbaar waren in de ex-vivo situatie. Dit proefschrift 
toont aan dat ze ook niet aanwezig zijn in de in-vivo situatie onder algehele 
narcose als gevolg van verstijving van de tong door een nog onbekende oorzaak. 
Dit maakt dat de wetenschap nog steeds kampt met de vraag hoe de exacte 



199

Summary and conclusion

weefseleigenschappen van de tong moeten worden benaderd. Daarnaast is 
geprobeerd om echo-elastografie te gebruiken om verschillen tussen fibrotisch 
en niet-fibrotisch weefsel vast te stellen. Dit onderzoek werd echter niet vervolgd 
nadat bleek dat de inhomogeniteit van het weefsel en de vele spierrichtingen het 
moeilijk maakten om betrouwbare metingen te doen. Met de nieuwe techniek 
die in hoofdstuk 5 is geïntroduceerd, is het misschien mogelijk om het relatieve 
verschil tussen fibreus en normaal weefsel te meten.

Met zoveel fundamentele uitdagingen mogen we het oorspronkelijke doel van 
het project niet vergeten: het creëren van een methode om patiënt en arts te 
informeren over het voorspelde functieverlies na een behandeling. We zijn van 
mening dat op korte termijn vooruitgang geboekt kan worden in meerdere stappen 
met klinisch toepasbare modellen of keuzehulpen. We stellen ons voor dat we van 
klinisch toepasbare modellen met een lage mate van personalisatie geleidelijk 
toewerken naar volledig gepersonaliseerde modellen. Dit vereist extra aandacht 
voor de vertaling van de mobiliteit van het model naar de daadwerkelijke functie. 
Verschillende technieken, naast biomechanische modellen, kunnen vervolgens 
worden gebruikt om de voorspellingen te optimaliseren. Een combinatie van 
een biomechanisch model met een statistisch algoritme zou, naast de fysieke 
simulatie van postoperatieve beweging, ook andere details kunnen meenemen 
die niet kunnen worden gesimuleerd. Bijvoorbeeld patiëntkarakteristieken, 
comorbiditeit of het vermogen om specifieke tongbewegingen uit te voeren, zoals 
rollen en het maken van een klaverblad (hoofdstuk 4).

Geavanceerde 3D-trackingtechnieken, zoals elektromagnetische articulografie 
of 3D-dynamische MRI, kunnen worden gebruikt om ook gedetailleerde 
tongbewegingen te verkrijgen tijdens praten, slikken of kauwen. Door het 
simuleren van een vaste of vloeibare bolus in een geavanceerd postoperatief 
model zou het effect van een behandeling op kauwen en slikken kunnen worden 
nagebootst. Spraaksynthese zou preoperatieve spraak kunnen vervormen naar 
postoperatieve spraak met behulp van de gemodelleerde situatie na behandeling. 
Dezelfde technieken kunnen worden gebruikt om de effecten van revalidatie 
en training te voorspellen. Bij het nastreven van de ideeën van dit ambitieuze 
project is het belangrijk om vooruitgang te blijven boeken en kortetermijndoelen 
te stellen, zodat zichtbaar wordt hoever we af staan van de creatie van een echte 
digitale dubbelganger. In dit proefschrift hebben we een eerste indruk gekregen 
van hoe de weg daarnaartoe eruit kan zien, maar de volgende stap is om deze weg 
ook echt te gaan bewandelen.

8



200

Appendix A



201

APPENDIX A

Simulating deformation using FE models
This subchapter will give a more in-depth view of the modeling aspects that 
come with creating biomechanical tongue models. Building a Finite element 
(FE) model from the ground up is complex and time-consuming [1]. Various 
commercial software solutions provide a framework to create FE models, such 
as ANSYS, Abaqus, and COMSOL. Also, open-source solutions, such as FEMBio 
and Artisynth, that are focused particularly on biomechanics, can be used. The 
biomechanical models used in Chapters 1, 5, and 6 are created using Artisynth. 
This was a natural choice given the existing cooperation with the creators of 
Artisynt at UBC Vancouver. This paragraph will explain the basic principles of FE 
simulations based on the implementation by ArtiSynth. The full documentation of 
ArtiSynth can be found at www.artisynth.org

FEM
The building blocks of a FE model are called “elements” (figure A.1). These 
Elements are built using characteristic points in space called “Nodes”. These 
nodes have certain quantities (stiffness, mass, stress, etc.). Within an element, 
the so-called “shape-function” describes how these quantities are interpolated 
within an element. Depending on the type of element, it is either shaped as a 
tetrahedron, hexahedron, pentahedron, or pyramid in 3D FE modeling. Adjacent 
elements share their nodes and larger models can use thousands of elements. In 
the end, an element is a visualization of a part of the volume that is only described 
by the nodes, and therefore, mathematical speaking, only the nodes exist. For 
a linear problem, a system of linear algebraic equations (containing the nodes’ 
displacements) should be assembled and solved [2,3].

Figure A.1 The domain (or model or object) is divided into finite elements. The domain consists of 
hexahedral elements using eight nodes. The elements on the left side are constrained.

A
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The main steps in creating the FE model are:
- Discretize the domain: divide a domain (the object) into finite elements and 

nodes.
- Develop element equations using the physics of the particular problem.
- Assembling of element equations: Local element equations need to be 

combined properly to find a global equation system. Element connections 
are used in this process and also boundary conditions should be imposed.

- Solve the global equation system: Direct and Iterative methods can be used 
the find nodal values.

Examples of the above method can be found in the lecture notes of [2] or the book 
of Bonet & Wood[3].

ArtiSynth combines the above-mentioned method to simulate combined FE 
and rigid bodies. For future work on the digital twin, this is important since the 
head and neck functions are often characterized by the combination of rigid 
(bone) structures and soft (muscle and tissue) structures. The components of an 
Artisynth simulation are:

- Dynamic components: Components that change due effects of force effectors 
or constraints. There are 2 types of components in ArtiSynth: a six degrees of 
freedom (DOF) rigid body and 3 DOF particles, from which the nodes of the
FEM models are a subclass off

- Force effectors: Point to point muscles and finite elements
- Constraints: Bilateral constraints (FEM incompressibility and joints), and

unilateral constraints (Contact and joint limits)

Physical Simulation: Forward modeling
A second-order differential equation (ODE) that results from the physics of the 
mechanical system, as an approximation of the partial differential equation, 
needs to be solved. After application of the finite element modeling, Newton’s 
second law gives:

𝐌𝐌�̇�𝐮 = 𝐟𝐟(𝐪𝐪, 𝐮𝐮, t) Eq	A. 1 
𝐟𝐟(𝐪𝐪, 𝐮𝐮, t) is the force of all force effector components with 𝐪𝐪 the positions of the dynamic 
components, 𝐮𝐮 the velocities, and t the time. 𝐌𝐌 is the composite mass matrix wherein FEM 
uses a lumped mass model to enable contact with other structures such as rigid bodies and 
mass-springs (e.g. muscle fibers). The bilateral constraints are 𝑮𝑮(𝒒𝒒)𝒖𝒖 = 0 and unilateral 
constraints as 𝑵𝑵(𝒒𝒒)𝒖𝒖 ≥ 0. The ODE can be solved by integration forward in time. To 
simulate this system, a time-discrete approximation must be applied to implement the 
integration. This forward modeling requires that all inputs are available during numerical 
integration.  

Solving the ODE  
Numerical integrating formula 1 with the given constraints (𝑮𝑮(𝒒𝒒)𝒖𝒖 = 0 and 𝑵𝑵(𝒒𝒒)𝒖𝒖 ≥ 0) can 
be done with both implicit and explicit integrators. FEM models are often solved with an 
implicit integrator to allow larger time steps and thus to boost the performance. The 
integrators that can be used are ForwardEuler, SymplecticEuler, RungeKutta4, Trapezoidal, 
and Constrained Backward Euler[4]. The latter is used for models in Chapters 1, 5, and 6.  

Friction and damping  
Artisynth enables the use of different damping techniques. In FE models these are related to 
rayleigh damping parameters [5]. The damping force (𝒇𝒇!) is related to two proportional 
damping terms: 

𝒇𝒇! = (𝑑𝑑"𝑴𝑴+ 𝑑𝑑#𝑲𝑲)𝒗𝒗	 Eq	A. 2 
Where 𝑑𝑑" is the proportional damping associated with the motion of the FEM nodes and 𝑑𝑑#  
with the system’s stiffness term. 𝐌𝐌 is the lumped mass matrix and K the FE stifness matrix 
and v node velocity [4]. 

Inverse modeling  
In forward modeling, the effect of muscle activation on the motion of the tongue is 
simulated. In Inverse modeling, the muscle activations needed for a given movement of a 
selection of nodes are calculated. The classical inverse approach used in the chapters of this 
thesis is described in Stavness et al.[6] and is part of the Artisynth framework. Also, hybrid 
strategies exist and can be combined with EMG to predict volunteer-specific muscle 
activation patterns[7]. As input, the desired position (target) of a point on the FE model is 
used. Using quadratic programming the muscle combinations needed to move the FE model 
to the desired position are calculated. Because multiple combinations of muscles can cause 
the same effect, a cost-function is used to choose the combination with the lowest 
combined muscle excitations (the lowest cost). The generic term for the cost function based 
on the Dantzig’s LCP pivoting algorithm[8] is: 
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D
1
2 𝑥𝑥

'𝑄𝑄𝑥𝑥 − 𝑥𝑥'𝐿𝐿I , 𝐴𝐴𝑥𝑥	 ≥ 𝑏𝑏, 𝐴𝐴()𝑥𝑥 = 𝑏𝑏() 	 Eq	A. 3 

With Q a symmetric matrix of size 𝑛𝑛 ∗ 𝑛𝑛, L the linear n-dimensional Colum vector, 𝐴𝐴 , 𝐴𝐴(), 
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approximation must be applied to implement the integration. This forward 
modeling requires that all inputs are available during numerical integration.
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are often solved with an implicit integrator to allow larger time steps and thus 
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Artisynth enables the use of different damping techniques. In FE models these are related to 
rayleigh damping parameters [5]. The damping force (𝒇𝒇!) is related to two proportional 
damping terms: 

𝒇𝒇! = (𝑑𝑑"𝑴𝑴+ 𝑑𝑑#𝑲𝑲)𝒗𝒗	 Eq	A. 2 
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and v node velocity [4]. 
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simulated. In Inverse modeling, the muscle activations needed for a given movement of a 
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thesis is described in Stavness et al.[6] and is part of the Artisynth framework. Also, hybrid 
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activation patterns[7]. As input, the desired position (target) of a point on the FE model is 
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to the desired position are calculated. Because multiple combinations of muscles can cause 
the same effect, a cost-function is used to choose the combination with the lowest 
combined muscle excitations (the lowest cost). The generic term for the cost function based 
on the Dantzig’s LCP pivoting algorithm[8] is: 
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and v node velocity [4]. 
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used. Using quadratic programming the muscle combinations needed to move the FE model 
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Where dM  is the proportional damping associated with the motion of the FEM 
nodes and  with the system’s stiffness term. M  is the lumped mass matrix and K 
the FE stifness matrix and v node velocity [4].
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In forward modeling, the effect of muscle activation on the motion of the tongue 
is simulated. In Inverse modeling, the muscle activations needed for a given 
movement of a selection of nodes are calculated. The classical inverse approach 
used in the chapters of this thesis is described in Stavness et al.[6] and is part 
of the Artisynth framework. Also, hybrid strategies exist and can be combined 
with EMG to predict volunteer-specific muscle activation patterns[7]. As input, 
the desired position (target) of a point on the FE model is used. Using quadratic 
programming the muscle combinations needed to move the FE model to the 
desired position are calculated. Because multiple combinations of muscles can 
cause the same effect, a cost-function is used to choose the combination with the 
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with the system’s stiffness term. 𝐌𝐌 is the lumped mass matrix and K the FE stifness matrix 
and v node velocity [4]. 

Inverse modeling  
In forward modeling, the effect of muscle activation on the motion of the tongue is 
simulated. In Inverse modeling, the muscle activations needed for a given movement of a 
selection of nodes are calculated. The classical inverse approach used in the chapters of this 
thesis is described in Stavness et al.[6] and is part of the Artisynth framework. Also, hybrid 
strategies exist and can be combined with EMG to predict volunteer-specific muscle 
activation patterns[7]. As input, the desired position (target) of a point on the FE model is 
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With Q a symmetric matrix of size n n* , L the linear n-dimensional Colum vector, 
A  , Aeq , beq , b  the (in) equality constraints and x the muscle activations.

A



204

Appendix A

ArtiSynth utilizes multiple cost functions for multiple purposes. Relevant is the 
L2 regularization which penalizes the L2-norm (squared Euclidean distance) of 
different aspects, i.e. the deviation of simulated positions and target positions of 
the selected nodes, a term that punishes for the deviation of intended velocities 
of these nodes, a term that punishes for large or forbidden input signals and a 
term that damps the input signals.
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APPENDIX B

To avoid manual manipulation of the tracks in the atlas model, four filtering steps 
were used. A filter was only applied if it contributed to removal of faulty tracks. 
The first filter checked for deviations in the tracts from a global angle. This only 
worked well for muscle bundles with one global direction. The next filter calculated 
the angle within a single track. This did not work well with curved muscles like the 
superior longitudinal muscle. The third filter checked for the number of neighbors 
and at a certain distance, thus removing tracks that are too far from the rest. The 
alpha shape controlled the curvature of the convex hull that enclosed a muscle 
bundle and is explained in the Matlab documentation (https://nl.mathworks.com/
help/matlab/ref/alphashape.html).

Table B.1 – overview of different filters used to manipulate tracks in the model.

The angle of the 
vector cannot 
deviate more 
than … ⁰ from the 
total mean vector 
direction of all 
tracks.

The angle of the 
vector cannot 
deviate more 
than … ⁰ from the 
total mean vector 
direction of one 
muscle track.

Tracks with less 
than … neighbors 
at a distance of 
… mm will be 
removed

Alpha shape

Vertical 45 (z-axis) 45 3 / 0.03 0.011

Transverse 5 / 0.20 0.03

Superior longitudinal 6 / 0.20 0.014

Mylohyoid 5 / 0.05 0.015

Inferior longitudinal 45 (y-axis) 45 5 / 0.04 0.011

hyoglossus 45 3 / 0.04 0.011

Geniohyoid 3 / 0.02

enioglossus 45 10 / 0.10 0.011

Digastricus 45 3 / 0.03 0.011

B
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APPENDIX C

Figure C.1 shows a comparison between the generic model and the atlas model 
upon billateral muscle activation. The Generic model is based on the muscle 
anatomy from the Visible Human Project [1,2], and the atlas model (without 
the personalization step) is based on an average of CSD images from 10 healthy 
participants [3]. In the generic model, the genioglossus (GG) is divided into three 
individually controllable muscle parts, while GG in the atlas model is only divided 
into two [3,4]. The atlas model lacks the styloglossus (STY) and the generic model 
lacks the digastricus (DG) muscle due to different conceptualization steps [3]. 
Both use the Artisynth implementation of the threorie of Blemker et al. [5] for 
muscle activation and stiffening. The appearance of the models is different, 
as the atlas model has a blunt tongue tip and a more round shape overall. The 
different origins of the muscle bundles cause the models to behave differently 
upon activation. While the overall effect of the activation of each muscle bundle 
are comparable, it is especially the extent of movements that differ.

C
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Appendix C

Figure C.1: A comparison between the tongue-tip position of the generic (left) model and the atlas 
model (right) upon billatateral muscle activation (30% of maximum force). The red line is the + direc-
tion is the movement to the right and the – direction is the movement to the left. The green line in the 
+ direction represents the outwards movement, - the direction of the backward movement. The Blue 
line + is the upward movement and – is the downward movement. The muscle abbreviations: genio-
glossus, -posterior (GGP), -middle (GGP), -anterior (GGA), geniohyoid muscle (GH), hyoglossus (HG), 
inferior longitudinal muscle (IL), mylohyoid muscle (MH), superior longitudinal muscle (SL), transverse 
muscle (TRA), vertical muscle (VER), styloglossus (STY) and digastricus (DG)
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