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Abstract
For advanced tongue cancer, the choice between surgery and 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-treat-
ment 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 reconstructions 
of tongue muscle architecture. Diffusion-weighted MRI scans of ten healthy volunteers were obtained to reconstruct their 
tongue musculature, 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. It was demonstrated that biomechanical 
models with personalized muscles bundles are better in approaching the measured ROM than a generic model. However, 
to achieve this result a correction factor was needed to compensate for the small magnitude of motion of the model. Future 
versions of these models may have the potential to improve the estimation of function loss after treatment for advanced 
tongue cancer.
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1  Introduction

The incidence of tongue cancer is rising worldwide, 
accounting for almost 20% of all head and neck cancers 
(Tota et al. 2017; UK Cancer Research 2019). 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 (Konstantinović 
and Dimić 1998; Kreeft et al. 2009b). The choice between 
surgical and organ-sparing treatment is dependent on 
expected function loss after treatment, which is difficult 
to predict (Kreeft et  al. 2009a). 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 func-
tional loss.

The biomechanics of the tongue, however, are complex 
(Bressmann et al. 2004; Matsui et al. 2007; Kreeft et al. 
2009a). The tongue consists of four extrinsic and four 
intrinsic muscles, which interdigitate and seem to follow 
a strict pattern (Sanders and Mu 2013). Although we know 
that all muscles, except for the palatoglossus muscle, are 
innervated by the hypoglossal nerve (Takemoto 2001; Mu 
and Sanders 2010), the complex neural strategies that are 
required for shaping the tongue during speech and masti-
cation are currently unknown (Slaughter et al. 2005; Van 
Alphen et al. 2017). Moreover, the tongue shape varies 
between individuals, and knowledge about anatomical 
variations in muscle structure does not yet exist (Stone 
et al. 2018). Because of the difficulties in obtaining the 
right mechanical properties and simulating the viscoelas-
tic nature of the tongue, mechanical properties are often 
approached by a hyperplastic model using ex vivo data 
(Buchaillard et al. 2007; Hermant et al. 2017; Kappert 
et al. 2019b, 2021).

Despite the challenges, biomechanical finite-element 
(FE) models have shown to be a promising method to pre-
dict functional loss after treatment in their current form 
(Buchaillard et al. 2007; Hermant et al. 2017; Kappert 
et al. 2019b). However, these FE models are generally 
generic and are therefore unable to predict functional loss 
on an individual level and should be personalized.

One way of creating personalized FE models is by mor-
phing of a generic FE model to a subject-specific situation 
(Couteau et al. 2000; Sigal et al. 2008). Previous work has 
shown that this morphing can be driven by imaging data 
such as anatomical slices (Fernandez et al. 2004), com-
puted tomography (Bucki et al. 2010; Grassi et al. 2011), 

and MRI (Barber et al. 2007; Bijar et al. 2016). Alter-
natively, personalized models can also be constructed by 
embedding mesh and muscle structures in a FE model that 
is generated according to the shape of the mesh. (Nesme 
et al. 2009; Sánchez et al. 2017). 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 (Van 
Donkelaar et al. 1999). Using diffusion-sensitizing gradi-
ents, it is possible to encode MR images with diffusion infor-
mation 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 dif-
fusion tensor. In fiber tracking or tractography, fiber tracks 
are computed from these fiber orientations, (Basser et al. 
2000), easing the visualization of the tongue musculature 
(Napadow et al. 2001; Shinagawa et al. 2006; Heemskerk 
et al. 2010; Ye et al. 2015). These tracks have even been used 
as an input for biomechanical models of the tongue (Mijail-
ovich et al. 2010). Despite this potential of DTI, it is unable 
to resolve crossing or merging muscle fibers of the tongue. 
Recently, a diffusion-weighted MRI technique called con-
strained spherical deconvolution (CSD), which can resolve 
the interdigitating muscle fibers of the tongue in vivo, was 
applied to the tongue (Voskuilen et al. 2019). This technique 
enables us to reconstruct the tongue muscle architecture of 
the individual more accurately.

The goal of the current work was to create personal-
ized biomechanical models of the tongue by using CSD 
MRI. As manual embedding of all the fibers of this mus-
cle architecture in the FE model would be very laborious, 
it is hardly feasible. This motivated us to use automated 
methods to embed these fibers. While CSD MRI is superior 
in resolving crossing and merging fibers, the high noise 
level resulted in relatively low-quality reconstructions of 
the tongue musculature of a single subject. We, therefore, 
proposed to use a population average or atlas of the tongue 
muscle architecture (Voskuilen et al. 2018), which is more 
resistant to noise and artifacts. By mapping the tongue of 
an individual to the atlas tongue, we hypothesized that the 
segmented fiber tracks of the atlas could be morphed back 
to an individual’s space and that, subsequently, from these 
segmented fiber tracks a personalized biomechanical model 
could be created. The effect of this personalization step was 
evaluated by comparing models with both personalized and 
generic muscles bundles to the predicted range of motion 
(ROM) of the tongue measured in vivo using 3D optical 
tracking (Kappert et al. 2019a).
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2 � Methods

The following section covers the characteristics of volunteers 
and the measurement of their ROM. Hereafter, the creation of 
the personalized biomechanical models is described, which 
is summarized in Fig. 1. This figure helps the reader to fol-
low the steps that are needed for creating the atlas model 
(Fig. 1A1–9) and the personalized model (Fig. 1P1–7) as the 
method section covers both models at the same time. Finally, 
the ROM predicted by these biomechanical models and the 
atlas were compared to the measured ROM.

2.1 � Volunteers & ROM measurement

A total of ten healthy volunteers were included with a mean 
age of 61 years (range: 56–71; seven men) to match the same 
age group of most tongue cancer patients. Volunteers with 
steel braces or any other contra-indication to an MRI scan 
were excluded.

The ROM of the tongue was obtained by optical track-
ing of a marker on the tip of the tongue using a 3D cam-
era. The volunteers were asked to perform four different 
tongue movements: left, right, down, and protrusion as 
described in the paper by Kappert et al. (2019a). The up-
movement was left out since it was proven to be unreliable. 
Written informed consent was obtained from all volunteers 
before inclusion. This study was approved by the medical 
ethical committee of the Netherlands Cancer Institute (ref: 
N17BTM).

2.2 � CSD MRI acquisition and processing

The volunteers were scanned in a 3 T Philips MRI scan-
ner (Philips Healthcare, Best, The Netherlands) using 
a neurovascular coil according to the CSD scan protocol 
by Voskuilen et al. (2019) (Fig. 1P1). The raw diffusion-
weighted images were acquired using the following param-
eters: single-shot spin-echo echo-planar imaging; echo-train 
length 25; repetition time: 3.4 s; echo time: 60 ms; two rep-
etitions with opposing phase-encoding directions; number 
of signal averages: 1; fat suppression: spectral presaturation 
with inversion recovery and slice-selection gradient rever-
sal; field-of-view: 192 by 156 by 84 mm; voxel size: 3 mm 
isotropic; b-value: 700 s/mm2 along 64 directions evenly 
spaced over a hemisphere and optimized for gradient load; 
total scan time: 10 min.

Subsequently, the noise of the diffusion-weighted images 
was reduced using the method of Veraart et al. (2016). Using 
FSL, a software library for diffusion MRI (Smith et al. 
2004), the diffusion-weighted images were corrected for 
distortions caused by B0-inhomogeneity, eddy currents from 
the diffusion-encoding gradients, and rigid motion (Anders-
son and Sotiropoulos 2016). For all subjects, masks of the 
tongue were created by manual delineation in ITK-Snap 
(Yushkevich et al. 2006). In MRtrix3 (Tournier et al. 2012), 
the corrected diffusion-weighted images were upsampled to 
a resolution of 1.5 mm isotropic using a b-spline interpola-
tion. For each volunteer, we estimated a CSD response func-
tion, which corresponds to the diffusion signal of a single 
fiber population (Tournier et al. 2013). By deconvolving, 
using CSD, the corrected diffusion-weighted images with 
this response function (Tournier et al. 2007), fiber-orienta-
tion distribution (FOD) maps were calculated up to a maxi-
mum spherical harmonic degree of 8 (Figs. 1P2, 2).

Fig. 1   A flow chart of the steps required to create an atlas-based (A1–
9) and a personalized model (P1–7)
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Finally, using symmetric diffeomorphic registration based 
on the FOD maps (Raffelt et al. 2011), displacement fields 
were calculated from each volunteer to the tongue muscle 
atlas described in Voskuilen et al. (2018) (Fig. 1P3). This 
atlas is a population average of ten volunteers different from 
those included in this study (mean age of 25.5 years; four 
female). The atlas has a voxel size of 1.5 mm isotropic after 
up sampling. The registration error between the FOD maps 
of the individuals and that of the atlas were quantified by the 
L2-norm and the angular correlation coefficient (Raffelt et al. 
2012a). The calculated displacement fields were used later 
in this work to morph the generical biomechanical model 
of the atlas.

2.3 � 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 (Tournier et al. 2010) (Fig. 1A3). Fiber track-
ing ignored many spurious vectors, and the segmentation 
of streamlines was less time-consuming than segmenta-
tion 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: 10 mm; number of seed 
points: 10,000 randomly placed within the mask. In Track-
Vis (Wang and Benner 2007), the fiber tracking was manu-
ally segmented into the following muscle tracts: genioglos-
sus, geniohyoid, hyoglossus, inferior longitudinal, superior 
longitudinal, transverse, and vertical muscles (Figs. 1A4, 3). 
These segmentations were subsequently checked by a head-
and-neck surgeon. The styloglossus muscle could not be dis-
tinguished from the inferior longitudinal and was therefore 
not included (Voskuilen et al. 2019).

In MATLAB R2019a (Mathworks, Natick, MA), these 
atlas tracks were mirrored in the midsagittal plane to ensure 
the symmetry of the atlas (Fig. 1A5). To remove faulty 
tracks, while preserving the muscle shape, the muscle 
tracts were filtered using the criteria shown in Appendix I 
(Fig. 1A6). These criteria were chosen empirically based on 
the reduction in outliers and the expected curvature obtained 
from earlier anatomical research (Takemoto 2001).

For each volunteer of the study group, the displacement 
fields obtained from the registration earlier were used to 
morph the filtered tracts from the atlas into personalized 
tracts (Fig. 1P4). The personalized tracts may have been 
rotated during morphing and were therefore reoriented, 
based on the orientation of the muscles before morphing.

2.4 � FE model construction

The tracks of both the atlas model and personalized models 
were converted into vector fields of muscle fiber direction 
(Fig. 1P5, A7), using the following steps. For each muscle, 
a convex hull was calculated that enclosed the filtered tract 
(Fig. 4a, b). These convex hulls were filled with a uniformly 

Fig. 2   Midsagittal view of an 
fiber-orientation distribution 
(FOD) map of volunteer 2. In 
the inlay, the map is enlarged so 
the individual FODs can better 
be appreciated. The FODs are 
colored according to their direc-
tion: red for right–left; green for 
anterior–posterior; and blue for 
feet–head

Fig. 3   Side view of the segmented fiber tracts of the atlas
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distributed grid of vectors, where the direction of these vec-
tors was determined by an inverse distance interpolation of 
nearby tracks [Figs. 4c, 5; Eq. (1)]. This was done for both 
left and right muscles independently if applicable (Fig. 4d).
with

Equation (1) ngrid(x) the uniformly distributed grid of vec-
tors within the convex hull, ∑i the sum over all vectors and 
ntracki

 , the original tracks. d
(
x, tracki

)
 is the distance of vec-

tor x to tracki.
The genioglossus muscle was divided into an oblique 

and horizontal part based on the estimated position of the 
short tendon (Sanders and Mu 2013). With all tracks com-
bined, a convex hull was generated to create a mesh of the 
tongue. In Meshlab (Cignoni et al. 2008), the HC Laplacian 
filter (Vollmer et al. 1999) was used to smoothen the mesh. 
Attachment points for the mandible and hyoid bones were 

ngrid(x) =
�
i

⎛⎜⎜⎝
1 −

���� d
�
x, tracki

�

max
x
(d
�
x, tracki

�
)

⎞⎟⎟⎠
ntracki

(1)ngrid(x) =
ngrid(x)

ngrid(x)

determined based on the endpoints of the extrinsic muscle 
tracts from the atlas model.

Using ArtiSynth (Lloyd et al. 2012)—a platform for com-
bined multibody and FE modeling—the muscle vector fields 
and tongue meshes of the atlas and the ten volunteers were 
integrated into a biomechanical model (Figs. 1P6, A8, 6) using 
the following steps, which are similar to those described by 
Kappert et al. 2019b. The surface mesh of the tongue, obtained 
from the previous step, is embedded into a FE model consist-
ing of 16 mm3 cubic hexahedral elements, generated to match 
the shape of the surface mesh. The benefit of only using cubic 
elements is that they can easily be removed or added, which 
is an essential feature to simulate surgical resections on per-
sonalized biomechanical models in the future (Kappert et al. 
2019b). The attachment points to the hyoid and mandible were 
simulated by making FE nodes non-dynamic.

Based on previous work (Buchaillard et al. 2009), an incom-
pressible Moony–Rivlin material was chosen for mechanical 
properties of the tissue:

where I1 is the first invariant of the left Cauchy–Green defor-
mation tensor, C10 and C20 stiffness parameters equal to 1037 
and 486 Pa, κ = 100 × C10 the bulk modulus to obtain a 
Poisson’s ratio close to 0.5, and J is the determinant of the 

W = C10(I1 − 3) + C20(I1 − 3)2 + κ(ln J)2

Fig. 4   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)

Fig. 5   Direction of �grid(�) 
(small blue arrows) is deter-
mined by nearby �tracki (large 
red arrows) by means of inverse 
distance interpolation [Eq. (1)] 
visualized in the right figure



1106	 K. D. R. Kappert et al.

1 3

deformation gradient. The stiffness parameters are obtained 
from a fresh cadaver in (Gerard et al. 2005) and later scaled 
by a factor of 5.4 in (Buchaillard et al. 2009) to match 
in vivo measurements. C10 is equal to 1037 Pa, C20 equal is 
to 486 Pa, and the other parameters are all zero. Rayleigh 
damping coefficients of α = 40 s−1 and β = 0.03, and a den-
sity of 1040 kg/m3 were used, comparable to those used by 
Buchaillard et al. (2009), Stavness et al. (2012) and Kappert 
et al. (2019b).

Muscle contraction was simulated using “muscle material” 
in ArtiSynth. With this technique, when a muscle bundle is 
activated, it applies external stresses on the elements associ-
ated with the muscle bundles, in addition to the regular tis-
sue material (Lloyd et al. 2012). The transversely isotropic 
properties of the muscles were included using ArtiSynth’s 
“Muscle Material” interpretation of the method by Blemker 
et al. (2005):

with �max the max isometric stress in the muscle, � the nor-
malized activation level, � the stretch along fiber, �opt the 
optimal fiber stretch, fact the active force–length relationship, 
and fpass the passive.

�(�) = �max

(
�fact(�) + fpass(�)

)( �

�opt

)

2.5 � Simulation and analysis

Inverse simulation, provided by ArtiSynth (Lloyd et al. 
2012; Stavness et al. 2012), 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 (Napadow et al. 1999). Using the 
current biomechanical model, it is not possible to simulate 
these magnitudes of deformation. As all model simulations 
use the same constitutive models, tissue properties, and FE 
generation technique, the effect thereof is considered to be 
constant for all models. To evaluate the differences between 
the FE models with personalized muscle bundles and those 
using generic muscle bundles (the atlas model), we will 
therefore focus on the relative differences between individu-
als and not on the absolute values. In order to compare the 
simulations to the measured ROM, a scaling factor is needed 
to compensate for the reduced magnitude of motion of the 
model. The reduced magnitude of motion will be different 
depending on the movement direction, and therefore, four 
scaling factors were calculated and applied to all simula-
tions equally. To make sure outliers would not affect the 
scaling factors, these factors were determined by an iterative 

Fig. 6   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 attach-
ment 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
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process to achieve the maximum number of predicted ROMs 
( ROMpred(i, j) ) that were within the CI ( ROM2� ) of the meas-
ured ROM ( ROMmeas(i, j) ) [Eq. (2)].

in which
i = 1,… , 4 Index for the 4 different movements.
j = 1,… , 10 Index for the 10 volunteers from the study 

group.
ROMpred(i, j) Predicted ROM.
ROMmeas(i, j) Measured ROM.
Si The scaling factor applied to predicted ROMpred(i, j).
ROM2� Twice the standard deviation of the measured 

ROM (i.e., 6 mm).
Equation (2) Optimization of the scaling factor such that 

the number of predictions ROMpred(i, j) within the bounds 
ROM2σ of the measured ROM ( ROMmeas(i, j) ) is maximized.

The predicted ROM was compared to the in vivo meas-
ured ROM of the individual on which the personalized 
model was based. To show the benefit of personalization, 

(2)Si = arg max
Si

10∑
j=1

[|||Si ⋅ ROMpred(i, j) − ROMmeas(i, j)
||| < ROM2σ

]
, where [x] =

{
0 if x = false

1 if x = true

also the Atlas model (essentially a generic model) will be 
compared with the measured ROM. Only when the personal-
ized 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 
a range from 2.3 to 3.2 mm (Kappert et al. 2019a). We, 
therefore, assumed a precision of 3 mm (3.2 mm rounded 
off) for all ROM measurements. If a predicted ROM fell 
within the 95% confidence interval (CI), i.e., within two 
times the standard deviation, we judged the measurement 
to be correct.

Fig. 7   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 personal-
ized models are assumed to be accurate
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3 � Results

Visually, the FOD maps were well aligned to the atlas. The 
error in alignment or registration error was quantified by 
the L2-norm and the angular cross-correlation. The mean 
L2-norm between the FOD maps and the atlas was 0.302 
(SD 0.030). The mean angular correlation coefficient was 
0.634 (SD 0.057).

In Fig. 7, 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 personal-
ized models were within the CI. The largest disagreements 
between the prediction and in vivo measurement were found 
in subject 08. The atlas model is the same for every subject 
which is depicted more clearly in the following table.

In Table 1, the percentual differences of the models with 
the measured ROM are shown for every subject. The model 
that approaches the measured ROM better differs between 
subject and movement, but a majority of the measurements 
are approached better using the personalized model. The 
mean percentual difference per movement shows that for all 

Table 1   Percentual difference between the personalized model or Atlas (generic model) and the measured ROM per subject

The last column shows the mean percentual difference

Movement Model 01 (%) 02 (%) 03 (%) 04 (%) 05 (%) 06 (%) 07 (%) 08 (%) 09 (%) 10 (%) Mean (%)

Out Personalized 8 4 1 16 3 0 12 21 8 36 11
Atlas 30 12 47 4 17 17 5 17 22 28 20

Down Personalized 11 7 7 8 1 6 12 35 5 4 10
Atlas 6 23 23 4 0 21 6 25 12 37 16

Left Personalized 5 28 17 8 1 26 4 28 6 11 13
Atlas 34 36 27 8 10 26 19 35 8 16 22

Right Personalized 8 0 2 27 11 12 3 40 9 2 11
Atlas 11 18 14 9 17 9 21 27 0 6 13

Fig. 8   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
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movements the difference with the measured ROM is lower 
for the personalized models.

In Fig. 8, 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 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 confirmed by the bar charts in 
Fig. 7. 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.

4 � Discussion

This study was a first approach to combine CSD MRI and 
FE modeling to create personalized biomechanical models 
of ten healthy volunteers. The results show that, after apply-
ing a correction factor to the simulations, the personalized 
models were comparable to the measured ROM in 80% of 
the cases, whereas the atlas model was only comparable in 
50% of the cases. For every individual movement, the per-
sonalized models also performed better than the atlas model 
predicting up to 90% of the down movements correctly. This 
confirms that using muscle bundles based on CSD in an FE 
model of the tongue contributes significantly to the person-
alization of a biomechanical tongue model.

Although the downward movement of subject 8 with a 
relatively small tongue was exceptionally high, this measure-
ment 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 differences in 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 (Voskuilen et al. 2019). 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 mini-
mal, 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 (Harandi et al. 2014; Wu et al. 2014; Dab-
baghchian et al. 2016; Hermant et al. 2017), while others 
separate the genioglossus into a horizontal and an oblique 
subdivision (Mu and Sanders 2010; Honda et al. 2013; Sand-
ers and Mu 2013). 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 into 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 (Miller et al. 2002; Raffelt 
et al. 2012b). 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 were 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 the subsequent filtering 
were done manually. Techniques to automate these segmen-
tation 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 symmet-
ric. However, by applying the displacement fields to create 
personalized biomechanical models, asymmetry was reintro-
duced. In this study, the orientation of the personalized bio-
mechanical 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 (Kappert et al. 2019b), 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 mini-
mal. The choice for this embedded design was made so that 
in the future the virtual surgery method introduced in the 
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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. 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, innerva-
tion, 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 (Kappert 
et al. 2019a). 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 pre-
dicted ROM was much smaller than that of the measured 
ROM which, therefore, had to be scaled in order to be com-
pared with the measured ROM. 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. (2009), which uses 
stiffer material properties than those originally measured 
in a cadaver study, to simulate an active state of the tongue 
(Gerard et al. 2005). A more recent publication showed that 
the stiffness of the tongue in rest might be four times less 
(Kappert et al. 2021). Moreover, hyperelastic material mod-
els used in most FE tongue models cannot cover all the com-
plex properties of the tongue (Hermant et al. 2017). In this 
study, the FE model became unstable in extreme positions 
using lower stiffness values. Because the same mechanical 
and muscle properties are used for all personalized mod-
els, we assumed that the relative difference between models 
could still be used to analyze the effect of personalizing the 
muscle bundles of the FE model. However, mechanical prop-
erties were 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 (Buchaillard et al. 2009; Hermant 
et al. 2017; Kappert et al. 2019b). 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. In part, this can also be contributed to the material 
properties which can have a different impact on the deforma-
tion in for example a down and a left movement. The dif-
ference between left and right, however, corresponded to an 
asymmetry in the measured ROM, specifically a deviation 
to the left. As explained previously (Kappert et al. 2019a), 
this may have been caused by the order of instructions given 
by the investigator.

In conclusion, we demonstrated that biomechanical mod-
els based on CSD MRI contribute significant to the person-
alization of biomechanical models. To our knowledge, we 
are the first to report this personalization step for improv-
ing the prediction of tongue mobility. Additional research 
is needed to improve the performance of biomechanical 
models to match the same magnitude of motion as a real 
tongue. In the future, personalization may improve other 
biomechanical models such as those of speech and swallow-
ing, potentially leading to better simulations of actual tongue 
functionality. In rehabilitation after tongue cancer surgery, 
models can potentially be used to simulate the tongue func-
tion that could be regained by practice. In the preoperative 
setting, we would expect an even larger potential for the pre-
diction 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.

Appendix I

To avoid manual manipulation of the tracts 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 remov-
ing 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 documenta-
tion (https​://nl.mathw​orks.com/help/matla​b/ref/alpha​shape​
.html).

https://nl.mathworks.com/help/matlab/ref/alphashape.html
https://nl.mathworks.com/help/matlab/ref/alphashape.html
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The angle 
of the vec-
tor cannot 
deviate 
more than 
…° from 
the total 
mean vector 
direction of 
all tracks

The angle 
of the vec-
tor cannot 
deviate 
more than 
…° from 
the total 
mean 
vector 
direction of 
one muscle 
track

Tracks with 
less than … 
neighbors 
at a dis-
tance of … 
mm will be 
removed

Alpha shape

Vertical 45 (z-axis) 45 3/0.03 0.011
Transverse 5/0.20 0.03
Superior 

longitudi-
nal

6/0.20 0.014

Mylohyoid 5/0.05 0.015
Inferior 

longitudi-
nal

45 (y-axis) 45 5/0.04 0.011

hyoglossus 45 3/0.04 0.011
Geniohyoid 3/0.02
Genioglos-

sus
45 10/0.10 0.011

Digastricus 45 3/0.03 0.011

Acknowledgements  This study was financially supported by private 
funding from the Virtutis Opis Foundation (https​://www.anbip​ortal​.nl/
web/svo), Mr. B. Verwelius†, and Mr. W. de Graaf. The Department 
of Head and Neck Oncology and Surgery of the Netherlands Cancer 
Institute received a research grant from Atos Medical AB (Malmö, 
Sweden, https​://www.atosm​edica​l.nl). The funders had no role in study 
design, data collection, and analysis, decision to publish, or preparation 
of the manuscript.

Authors’ contributions  K. D. R. Kappert and L. Voskuilen contributed 
equally to the manuscript. K. D. R. Kappert, L. Voskuilen and F. van 
der Heijden contributed to the study conception and design. Material 
preparation and data collection were performed by K. D. R. Kappert 
and L. Voskuilen. Analysis and interpretation were performed by K. 
D. R. Kappert, L. Voskuilen, F. van der Heijden, and A. J. M. Balm. 
The first draft of the manuscript was created by K. D. R. Kappert 
and L. Voskuilen. All authors commented on previous versions of the 
manuscript.

Availability of data and materials  Upon request.

Code availability  Upon request.

Declarations 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Ethical approval  This study was approved by the medical ethical com-
mittee of the Netherlands Cancer Institute (Ref: N17BTM).

Consent to participate  Written informed consent was obtained from 
all volunteers before inclusion.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

Andersson JLR, Sotiropoulos SN (2016) An integrated approach to 
correction for off-resonance effects and subject movement in dif-
fusion MR imaging. Neuroimage 125:1063–1078. https​://doi.
org/10.1016/j.neuro​image​.2015.10.019

Barber DC, Oubel E, Frangi AF, Hose DR (2007) Efficient compu-
tational fluid dynamics mesh generation by image registration. 
Med Image Anal 11:648–662. https​://doi.org/10.1016/j.media​
.2007.06.011

Basser PJ, Pajevic S, Pierpaoli C, Duda J, Aldroubi A (2000) In vivo 
fiber tractography using DT-MRI data. Magn Reson Med 44:625–
632. https​://doi.org/10.1002/1522-2594(20001​0)44:4%3c625​
::AID-MRM17​%3e3.0.CO;2-O

Bijar A, Rohan P-Y, Perrier P, Payan Y (2016) Atlas-based automatic 
generation of subject-specific finite element tongue meshes. 
Ann Biomed Eng 44:16–34. https​://doi.org/10.1007/s1043​
9-015-1497-y

Blemker SS, Pinsky PM, Delp SL (2005) A 3D model of muscle reveals 
the causes of nonuniform strains in the biceps brachii. J Biomech 
38:657–665. https​://doi.org/10.1016/j.jbiom​ech.2004.04.009

Bressmann T, Sader R, Whitehill TL, Samman N (2004) Conso-
nant intelligibility and tongue motility in patients with partial 
glossectomy. J Oral Maxillofac Surg 62:298–303. https​://doi.
org/10.1016/j.joms.2003.04.017

Buchaillard S, Brix M, Perrier P, Payan Y (2007) Simulations of the 
consequences of tongue surgery on tongue mobility: implications 
for speech production in post-surgery conditions. Int J Med Robot 
Comput Assist Surg 3:252–261. https​://doi.org/10.1002/rcs.142

Buchaillard S, Perrier P, Payan Y (2009) A biomechanical model of 
cardinal vowel production: muscle activations and the impact of 
gravity on tongue positioning. J Acoust Soc Am 126:2033–2051. 
https​://doi.org/10.1121/1.32043​06

Bucki M, Lobos C, Payan Y (2010) A fast and robust patient specific 
Finite Element mesh registration technique: application to 60 clin-
ical cases. Med Image Anal 14:303–317. https​://doi.org/10.1016/j.
media​.2010.02.003

Cignoni P, Cignoni P, Callieri M, et al (2008) MeshLab: an open-
source mesh processing tool. In: 6th eurographics ital chapter 
conf, pp 129–136. https​://doi.org/10.2312/Local​Chapt​erEve​nts/
ItalC​hap/Itali​anCha​pConf​2008/129-136

Couteau B, Payan Y, Lavallée S (2000) The mesh-matching algo-
rithm: an automatic 3D mesh generator for finite element struc-
tures. J Biomech 33:1005–1009. https​://doi.org/10.1016/S0021​
-9290(00)00055​-5

https://www.anbiportal.nl/web/svo
https://www.anbiportal.nl/web/svo
https://www.atosmedical.nl
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.neuroimage.2015.10.019
https://doi.org/10.1016/j.neuroimage.2015.10.019
https://doi.org/10.1016/j.media.2007.06.011
https://doi.org/10.1016/j.media.2007.06.011
https://doi.org/10.1002/1522-2594(200010)44:4%3c625::AID-MRM17%3e3.0.CO;2-O
https://doi.org/10.1002/1522-2594(200010)44:4%3c625::AID-MRM17%3e3.0.CO;2-O
https://doi.org/10.1007/s10439-015-1497-y
https://doi.org/10.1007/s10439-015-1497-y
https://doi.org/10.1016/j.jbiomech.2004.04.009
https://doi.org/10.1016/j.joms.2003.04.017
https://doi.org/10.1016/j.joms.2003.04.017
https://doi.org/10.1002/rcs.142
https://doi.org/10.1121/1.3204306
https://doi.org/10.1016/j.media.2010.02.003
https://doi.org/10.1016/j.media.2010.02.003
https://doi.org/10.2312/LocalChapterEvents/ItalChap/ItalianChapConf2008/129-136
https://doi.org/10.2312/LocalChapterEvents/ItalChap/ItalianChapConf2008/129-136
https://doi.org/10.1016/S0021-9290(00)00055-5
https://doi.org/10.1016/S0021-9290(00)00055-5


1112	 K. D. R. Kappert et al.

1 3

Dabbaghchian S, Arnela M, Engwall O, et al (2016) Using a bio-
mechanical model and articulatory data for the numerical pro-
duction of vowels. INTERSPEECH m:3569–3573. https​://doi.
org/10.21437​/Inter​speec​h.2016-1500

Fernandez JW, Mithraratne P, Thrupp SF, Tawhai MH, Hunter PJ 
(2004) Anatomically based geometric modelling of the musculo-
skeletal system and other organs. Biomech Model Mechanobiol 
2:139–155. https​://doi.org/10.1007/s1023​7-003-0036-1

Gerard JMM, Ohayon J, Luboz V, Perrier P, Payan Y (2005) Non-
linear elastic properties of the lingual and facial tissues assessed 
by indentation technique: application to the biomechanics of 
speech production. Med Eng Phys 27:884–892. https​://doi.
org/10.1016/j.meden​gphy.2005.08.001

Grassi L, Hraiech N, Schileo E, Ansaloni M, Rochette M, Viceconti 
M (2011) Evaluation of the generality and accuracy of a new 
mesh morphing procedure for the human femur. Med Eng Phys 
33:112–120. https​://doi.org/10.1016/j.meden​gphy.2010.09.014

Harandi NM, Woo J, Stone M, Abugharbieh R, Fels S (2014) Sub-
ject-specific biomechanical modelling of the tongue: analysis 
of muscle activations during speech. In: Proceedings of the 
10th international seminar on speech production, ISSP 2014, 
pp 174–177

Heemskerk AM, Sinha TK, Wilson KJ, Ding Z, Damon BM (2010) 
Repeatability of DTI-based skeletal muscle fiber tracking. NMR 
Biomed 23:294–303. https​://doi.org/10.1002/nbm.1463

Hermant N, Perrier P, Payan Y (2017) Human tongue biomechanical 
modeling. In: Payan Y, Ohayon JBT-B of LO (eds) Biomechanics 
of living organs: Hyperelastic constitutive laws for finite element 
modeling. Academic Press, Oxford, pp 395–411

Honda K, Murano EZ, Takano S, Masaki S, Dang J (2013) Anatomical 
considerations on the extrinsic tongue muscles for articulatory 
modeling. In: Proceedings of meetings on acoustics, pp 60–270

Kappert KDR, Connesson N, Elahi SA et al (2021) In-vivo tongue 
stiffness measured by aspiration: resting vs general anesthesia. J 
Biomech. https​://doi.org/10.1016/j.jbiom​ech.2020.11014​7

Kappert KDR, van Alphen MJA, Smeele LE, Balm AJM, van der 
Heijden F (2019a) Quantification of tongue mobility impair-
ment using optical tracking in patients after receiving primary 
surgery or chemoradiation. PLoS ONE 14:e0221593. https​://doi.
org/10.1371/journ​al.pone.02215​93

Kappert KDR, van Alphen MJA, van Dijk S, Smeele LE, Balm AJM, 
van der Heijden F (2019b) An interactive surgical simulation tool 
to assess the consequences of a partial glossectomy on a biome-
chanical model of the tongue. Comput Methods Biomech Biomed 
Engin 22:827–839. https​://doi.org/10.1080/10255​842.2019.15993​
62

Konstantinović VS, Dimić ND (1998) Articulatory function and tongue 
mobility after surgery followed by radiotherapy for tongue and 
floor of the mouth cancer patients. Br J Plast Surg 51:589–593. 
https​://doi.org/10.1054/bjps.1998.0202

Kreeft AM, Tan IB, van den Brekel MWM, Hilgers FJ, Balm AJM 
(2009a) The surgical dilemma of ‘functional inoperability’ in oral 
and oropharyngeal cancer: current consensus on operability with 
regard to functional results. Clin Otolaryngol 34:140–146. https​
://doi.org/10.1111/j.1749-4486.2009.01884​.x

Kreeft AM, Van Der Molen L, Hilgers FJ, Balm AJ (2009b) Speech 
and swallowing after surgical treatment of advanced oral and 
oropharyngeal carcinoma: a systematic review of the literature. 
Eur Arch Oto-Rhino-Laryngology 266:1687–1698. https​://doi.
org/10.1007/s0040​5-009-1089-2

Lloyd JE, Stavness I, Fels S (2012) ArtiSynth: a fast interactive biome-
chanical modeling toolkit combining multibody and finite element 
simulation. In: Studies in mechanobiology, tissue engineering and 
biomaterials, pp 355–394

Matsui Y, Ohno K, Yamashita Y, Takahashi K (2007) Factors influ-
encing postoperative speech function of tongue cancer patients 

following reconstruction with fasciocutaneous/myocutaneous 
flaps—a multicenter study. Int J Oral Maxillofac Surg 36:601–
609. https​://doi.org/10.1016/j.ijom.2007.01.014

Mijailovich SM, Stojanovic B, Kojic M, Liang A, Wedeen VJ, Gil-
bert RJ (2010) Derivation of a finite-element model of lingual 
deformation during swallowing from the mechanics of mesoscale 
myofiber tracts obtained by MRI. J Appl Physiol 109:1500–1514. 
https​://doi.org/10.1152/jappl​physi​ol.00493​.2010

Miller JL, Watkin KL, Chen MF (2002) Muscle, adipose, and con-
nective tissue variations in intrinsic musculature of the adult 
human tongue. J Speech, Lang Hear Res 45:51–65. https​://doi.
org/10.1044/1092-4388(2002/004)

Mu L, Sanders I (2010) Human tongue neuroanatomy: nerve sup-
ply and motor endplates. Clin Anat 23:777–791. https​://doi.
org/10.1002/ca.21011​

Napadow VJ, Chen Q, Mai V, So PTC, Gilbert RJ (2001) Quantitative 
analysis of three-dimensional-resolved fiber architecture in het-
erogeneous skeletal muscle tissue using NMR and optical imaging 
methods. Biophys J 80:2968–2975. https​://doi.org/10.1016/S0006​
-3495(01)76262​-5

Napadow VJ, Chen Q, Wedeen VJ, Gilbert RJ (1999) Intramural 
mechanics of the human tongue in association with physiological 
deformations. J Biomech 32:1–12. https​://doi.org/10.1016/S0021​
-9290(98)00109​-2

Nesme M, Kry PG, Jeřábková L, Faure F (2009) Preserving topol-
ogy and elasticity for embedded deformable models. ACM Trans 
Graph 28:1–9. https​://doi.org/10.1145/15313​26.15313​58

Raffelt D, Tournier JD, Crozier S, Connelly A, Salvado O (2012a) 
Reorientation of fiber orientation distributions using apodized 
point spread functions. Magn Reson Med 67:844–855. https​://
doi.org/10.1002/mrm.23058​

Raffelt D, Tournier JD, Fripp J, Crozier S, Connelly A, Salvado O 
(2011) Symmetric diffeomorphic registration of fibre orien-
tation distributions. Neuroimage 56:1171–1180. https​://doi.
org/10.1016/j.neuro​image​.2011.02.014

Raffelt D, Tournier JD, Rose S et al (2012b) Apparent fibre density: 
a novel measure for the analysis of diffusion-weighted mag-
netic resonance images. Neuroimage 59:3976–3994. https​://doi.
org/10.1016/j.neuro​image​.2011.10.045

Sánchez CA, Li Z, Hannam AG, Abolmaesumi P, Agur A, Fels S 
(2017) Constructing detailed subject-specific models of the human 
masseter. In: Lecture notes in computer science. Springer, Berlin, 
pp 52–60

Sanders I, Mu L (2013) A three-dimensional atlas of human tongue 
muscles. Anat Rec 296:1102–1114. https​://doi.org/10.1002/
ar.22711​

Shinagawa H, Murano EZ, Zhuo J et al (2006) Tongue muscle fiber 
tracking during tongue protrusion and rest. J Acoust Soc Am 
120:3354–3354. https​://doi.org/10.1121/1.47814​40

Sigal IA, Hardisty MR, Whyne CM (2008) Mesh-morphing algo-
rithms for specimen-specific finite element modeling. J Biomech 
41:1381–1389. https​://doi.org/10.1016/j.jbiom​ech.2008.02.019

Slaughter K, Li H, Sokoloff AJ (2005) Neuromuscular Organization of 
the Superior Longitudinalis Muscle in the Human Tongue. Cells 
Tissues Organs 181:51–64. https​://doi.org/10.1159/00008​9968

Smith SM, Jenkinson M, Woolrich MW et al (2004) Advances in func-
tional and structural MR image analysis and implementation as 
FSL. Neuroimage 23:208–219. https​://doi.org/10.1016/j.neuro​
image​.2004.07.051

Stavness I, Lloyd JE, Fels S (2012) Automatic prediction of tongue 
muscle activations using a finite element model. J Biomech 
45:2841–2848. https​://doi.org/10.1016/j.jbiom​ech.2012.08.031

Stone M, Woo J, Lee J et al (2018) Structure and variability in human 
tongue muscle anatomy. Comput Methods Biomech Biomed 
Eng Imaging Vis 6:499–507. https​://doi.org/10.1080/21681​
163.2016.11627​52

https://doi.org/10.21437/Interspeech.2016-1500
https://doi.org/10.21437/Interspeech.2016-1500
https://doi.org/10.1007/s10237-003-0036-1
https://doi.org/10.1016/j.medengphy.2005.08.001
https://doi.org/10.1016/j.medengphy.2005.08.001
https://doi.org/10.1016/j.medengphy.2010.09.014
https://doi.org/10.1002/nbm.1463
https://doi.org/10.1016/j.jbiomech.2020.110147
https://doi.org/10.1371/journal.pone.0221593
https://doi.org/10.1371/journal.pone.0221593
https://doi.org/10.1080/10255842.2019.1599362
https://doi.org/10.1080/10255842.2019.1599362
https://doi.org/10.1054/bjps.1998.0202
https://doi.org/10.1111/j.1749-4486.2009.01884.x
https://doi.org/10.1111/j.1749-4486.2009.01884.x
https://doi.org/10.1007/s00405-009-1089-2
https://doi.org/10.1007/s00405-009-1089-2
https://doi.org/10.1016/j.ijom.2007.01.014
https://doi.org/10.1152/japplphysiol.00493.2010
https://doi.org/10.1044/1092-4388(2002/004)
https://doi.org/10.1044/1092-4388(2002/004)
https://doi.org/10.1002/ca.21011
https://doi.org/10.1002/ca.21011
https://doi.org/10.1016/S0006-3495(01)76262-5
https://doi.org/10.1016/S0006-3495(01)76262-5
https://doi.org/10.1016/S0021-9290(98)00109-2
https://doi.org/10.1016/S0021-9290(98)00109-2
https://doi.org/10.1145/1531326.1531358
https://doi.org/10.1002/mrm.23058
https://doi.org/10.1002/mrm.23058
https://doi.org/10.1016/j.neuroimage.2011.02.014
https://doi.org/10.1016/j.neuroimage.2011.02.014
https://doi.org/10.1016/j.neuroimage.2011.10.045
https://doi.org/10.1016/j.neuroimage.2011.10.045
https://doi.org/10.1002/ar.22711
https://doi.org/10.1002/ar.22711
https://doi.org/10.1121/1.4781440
https://doi.org/10.1016/j.jbiomech.2008.02.019
https://doi.org/10.1159/000089968
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1016/j.jbiomech.2012.08.031
https://doi.org/10.1080/21681163.2016.1162752
https://doi.org/10.1080/21681163.2016.1162752


1113Personalized biomechanical tongue models based on diffusion‑weighted MRI and validated using…

1 3

Takemoto H (2001) Morphological analyses of the human tongue mus-
culature for three-dimensional modeling. J Speech, Lang Hear Res 
44:95–107. https​://doi.org/10.1044/1092-4388(2001/009)

Tota JE, Anderson WF, Coffey C et al (2017) Rising incidence of oral 
tongue cancer among white men and women in the United States, 
1973–2012. Oral Oncol 67:146–152. https​://doi.org/10.1016/j.
oralo​ncolo​gy.2017.02.019

Tournier J-D, Calamante F, Connelly A (2010) Improved probabilis-
tic streamlines tractography by 2nd order integration over fibre 
orientation distributions. Intl. Soc. Mag. Reson. Med. 18:1670

Tournier J-D, Calamante F, Connelly A (2007) Robust determination of 
the fibre orientation distribution in diffusion MRI: non-negativity 
constrained super-resolved spherical deconvolution. Neuroimage 
35:1459–1472. https​://doi.org/10.1016/j.neuro​image​.2007.02.016

Tournier JD, Calamante F, Connelly A (2012) MRtrix: diffusion trac-
tography in crossing fiber regions. Int J Imaging Syst Technol 
22:53–66. https​://doi.org/10.1002/ima.22005​

Tournier JD, Calamante F, Connelly A (2013) Determination of the 
appropriate b value and number of gradient directions for high-
angular-resolution diffusion-weighted imaging. NMR Biomed 
26:1775–1786. https​://doi.org/10.1002/nbm.3017

UK Cancer Research (2019) Head and neck cancers incidence statis-
tics. https​://www.cance​rrese​archu​k.org/healt​h-profe​ssion​al/cance​
r-stati​stics​/stati​stics​-by-cance​r-type/head-and-neck-cance​rs/incid​
ence#headi​ng-Four. Accessed 26 Apr 2019

Van Alphen MJAJA, Eskes M, Smeele LEE, Balm AJMJM, van der 
Heijden F (2017) In vivo intraoperative hypoglossal nerve stimu-
lation for quantitative tongue motion analysis. Comput Meth-
ods Biomech Biomed Eng Imaging Vis 5:409–415. https​://doi.
org/10.1080/21681​163.2015.10720​56

Van Donkelaar CC, Kretzers LJG, Bovendeerd PHM et al (1999) Dif-
fusion tensor imaging in biomechanical studies of skeletal muscle 
function. J Anat 194:79–88. https​://doi.org/10.1017/S0021​87829​
80043​97

Veraart J, Novikov DS, Christiaens D, Ades-aron B, Sijbers J, Fiere-
mans E (2016) Denoising of diffusion MRI using random matrix 

theory. Neuroimage 142:1–28. https​://doi.org/10.1016/j.neuro​
image​.2016.08.016

Vollmer J, Mencl R, Muller H (1999) Improved Laplacian smoothing 
of noisy surface meshes. Comput Graph Forum 18:131–138. https​
://doi.org/10.1111/1467-8659.00334​

Voskuilen L, Mazzoli V, Oudeman J et al (2019) Crossing muscle fibers 
of the human tongue resolved in vivo using constrained spheri-
cal deconvolution. J Magn Reson Imaging 50:96–105. https​://doi.
org/10.1002/jmri.26609​

Voskuilen L, Smeele LE, Balm AJM, Van Der Heijden F, Strijkers GJ, 
Nederveen AJ (2018) Generation of a muscle fibre orientation 
atlas of the in vivo tongue. Proc Intl Soc Mag Reson Med. Paris 
26:5217

Wang R, Benner T (2007) Diffusion toolkit: a software package for 
diffusion imaging data processing and tractography. In: Proc Intl 
Soc Mag Reson Med

Wu X, Dang J, Stavness I (2014) Iterative method to estimate muscle 
activation with a physiological articulatory model. Acoust Sci 
Technol 35:201–212. https​://doi.org/10.1250/ast.35.201

Ye C, Murano E, Stone M, Prince JL (2015) A Bayesian approach to 
distinguishing interdigitated tongue muscles from limited diffu-
sion magnetic resonance imaging. Comput Med Imaging Graph 
45:63–74. https​://doi.org/10.1016/j.compm​edima​g.2015.07.005

Yushkevich PA, Piven J, Hazlett HC et al (2006) User-guided 3D 
active contour segmentation of anatomical structures: significantly 
improved efficiency and reliability. Neuroimage 31:1116–1128. 
https​://doi.org/10.1016/j.neuro​image​.2006.01.015

Publisher’s note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1044/1092-4388(2001/009)
https://doi.org/10.1016/j.oraloncology.2017.02.019
https://doi.org/10.1016/j.oraloncology.2017.02.019
https://doi.org/10.1016/j.neuroimage.2007.02.016
https://doi.org/10.1002/ima.22005
https://doi.org/10.1002/nbm.3017
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/head-and-neck-cancers/incidence#heading-Four
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/head-and-neck-cancers/incidence#heading-Four
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/head-and-neck-cancers/incidence#heading-Four
https://doi.org/10.1080/21681163.2015.1072056
https://doi.org/10.1080/21681163.2015.1072056
https://doi.org/10.1017/S0021878298004397
https://doi.org/10.1017/S0021878298004397
https://doi.org/10.1016/j.neuroimage.2016.08.016
https://doi.org/10.1016/j.neuroimage.2016.08.016
https://doi.org/10.1111/1467-8659.00334
https://doi.org/10.1111/1467-8659.00334
https://doi.org/10.1002/jmri.26609
https://doi.org/10.1002/jmri.26609
https://doi.org/10.1250/ast.35.201
https://doi.org/10.1016/j.compmedimag.2015.07.005
https://doi.org/10.1016/j.neuroimage.2006.01.015

	Personalized biomechanical tongue models based on diffusion-weighted MRI and validated using optical tracking of range of motion
	Abstract
	1 Introduction
	2 Methods
	2.1 Volunteers & ROM measurement
	2.2 CSD MRI acquisition and processing
	2.3 Fiber tracking and filtering
	2.4 FE model construction
	2.5 Simulation and analysis

	3 Results
	4 Discussion
	Acknowledgements 
	References




