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Abstract 

MRI allows characterizing the shape and position of speech 
articulators, but not tracking flesh points, since there are no 
physiological landmarks reliably associated with the highly 
deformable tissues of these articulators. This information is, 
however, interesting for studying the biomechanical properties 
of these organs as well as for modelling the relations between 
measurement modalities such as MRI and electromagnetic 
articulography. We have therefore attached fiducial markers 
made of MRI-visible polymers to a speaker’s articulators, and 
recorded a corpus of MRI midsagittal images. We then 
determined and analyzed the articulators’ contours and the 
markers’ centre coordinates. We found that the “apparent 
sliding” of markers with respect to lips and tongue contours 
ranges between 0.6 and 1.5 cm. Specifically, the curvilinear 
distances between two tongue flesh points relative to the total 
length varied up to about ±20%, confirming a non longitudinal 
elasticity of the contours. However, we have also found that 
the markers and jaw coordinates can predict the articulators’ 
contours with a variance explanation of about 85 %, and an 
RMS reconstruction error between 0.08 and 0.15 cm, 
compared with 74 to 95 % of variance and 0.07 to 0.14 cm of 
RMS error for the original articulatory models. 
Index Terms: Articulatory model, flesh point, tongue 
elasticity, lips elasticity, MRI, fiducial marker. 

1. Introduction 

Various speech articulatory models can be found in the 
literature (cf. [1]). Geometrical and functional models 
represent the geometrical contours or surfaces of the 
articulators, either in the midsagittal plane or in a three-
dimensional space. Biomechanical models simulate the 
deformation properties of the soft tissues that constitute the 
articulators: the nodes of their bi- or tri-dimensional meshes 
can be associated with physiological landmarks of these 
tissues – which will be referred to as flesh points – [2]. 
The articulatory data from which these models can be 
developed or that can be used to validate them are provided 
either by standard medical imaging techniques (MRI, CT scan) 
or by speech specific techniques such as electromagnetic 
articulography (EMA, cf. [3]). This latter technique allows 
tracking the 2D- or 3D-coordinates of small coils that are 
attached to the articulators’ flesh points and can sense the 
electromagnetic field radiated by the articulograph; EMA 
achieves a good temporal resolution of a few hundred Hertz, 
though for a number of flesh points limited to about 20. In 
contrast, MRI provides midsagittal or volume images with a 
good spatial resolution (typically one pixel / mm), but with a 
temporal resolution limited to a few dozen Hz for real time 

MRI [4]. Another drawback of standard MRI is the lack of 
information about the movement of the flesh points, as 
illustrated on Figure 1, where the midsagittal contours of the 
tongue are clearly visible but the tongue tip flesh point is 
difficult to locate. Dynamic tagged cine-MRI constitutes an 
interesting approach from this point of view as it potentially 
provides the displacement of any point that has been tagged 
[5]. However, the MRI tags are short-lived (persistence of 
about 1200 milliseconds, [5]), which is impractical for 
developing statistical models necessitating several dozen 
articulations with identical flesh point landmarks. 
We are thus faced to a double problem: (1) a lack of 
knowledge on the local elasticity and deformation properties 
of the articulators’ tissues; (2) the difficulty in modelling the 
link between the flesh points and the contours in order to 
control models with good spatial resolution from EMA data 
with good temporal resolution [6]. The main objectives of the 
study were therefore: (1) to develop and implement fiducial 
MRI-visible markers that can be attached to various 
articulators in a permanent way for the duration of the MRI 
data collection session; this will allow contour data with good 
spatial resolution to be obtained with a number of associated 
flesh point coordinates; (2) to analyse the relationship between 
these two types of data and to develop linear models to link 
them.  

 

Figure 1: Image of articulation /ke/. 

2. Design and implementation of MRI-
visible fiducial markers 

A fiducial marker is an object placed in the field of view of an 
imaging system and visible in the generated image which can 
be used as a reference landmark or for calibration purpose. We 
have thus decided to design MRI-visible fiducial markers in 
order to determine the articulators’ contours – in 2D or 3D – 
and the coordinates of the flesh points the markers are attached 
to. The specifications of these markers were thus: (1) not to be 
poisonous; (2) to emit enough signal to be visible on the MRI 
images generated with sequences usually used for imaging 
articulators while keeping a size compatible with about normal 
articulation of speech, as in EMA; (3) to be compatible with 
the cyanoacrylate-based Cyano Veneer glue and the 
polyacrylic acid-based dental cement Fuji I used to glue EMA 
sensors. 

§ At present, with Intuiskin, France. 
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A series of attempts resulted in the choice of GelGems® 
pieces of colourful jelly-like material that can be temporarily 
affixed to windows or mirrors for decoration purpose: these 
semi-solid, mechanically resistant, thermoplastic polymer gels 
contain 75% mineral oil, and thus give a good MRI signal. 
The toxicological information sheet from the Design Ideas 
provider states that GelGems are not poisonous, though they 
should not be ingested in normal use.  
GelGems slabs of various thicknesses can be very easily cut 
into small blocks. An MRI phantom head was used to perform 
tests aimed to reach a compromise between block size – the 
main determinant of perturbation of the articulation – and MRI 
visibility. Blocks of 4 mm height (along the direction 
orthogonal to the articulator’s surface), and of 5x5 mm along 
the surface (in the transverse direction) gave satisfactory signal 
/ noise ratio and image quality with the chosen MR spin-echo 
sequence parameters. It was important to choose a transverse 
dimension of the markers at least as big as the MRI slice 
thickness. This was needed to ensure a sufficient overlap 
between the markers and the slice, especially in cases where 
the articulatory movements produced by the speaker would not 
be strictly symmetrical and would not maintain the markers in 
the midsagittal plane. Note that magnetic susceptibility effects 
were sufficiently low not to be seen. 
These markers have subsequently been tested on speaker PB 
for whom a large set of MRI data was already available [7] as 
well as EMA data [6]. Since one of the objectives of this work 
was to study the relations between the flesh points that can be 
tracked by EMA for running speech and the articulators’ 
midsagittal contours, we glued the MRI markers in the 
midsagittal plane at approximately the same locations used for 
the EMA sensor coils, with a few extra points (see Figure 2). 
Four markers were attached to the tongue: tip, blade, body, 
back, and another six markers were affixed on the outside 
midsagittal profile at anthropometric landmarks [8]: labrale 
inferius & superius (skin / vermillion limits for the lower and 
upper lips), pronasale (nose tip), subnasale (junction between 
nose and upper lip), submentale (dip between the lower lip 
and the chin), and approximately pogonion (top of the chin). 
The MRI recordings were carried out by means of a PHILIPS 
ASHIEVA 1.5 T scanner with a SENSE Neurovascular coil, in 
Turbo Spin Echo mode (TE=10.7ms, Flip=80°, TR=426ms). 
Since affixing the markers with precision is not 
straightforward, and since the speaker’s articulatory 
movements might not be exactly symmetrical with reference to 
the midsagittal plane, the markers may not stay perfectly 
aligned in this plane. Therefore, in order to avoid running the 
risk to loose some markers in the midsagittal image, we 
acquired simultaneously a second image in the adjacent 
parasagittal plane where the markers were most visible (see 
Figure 2) for each articulation. Each image was a 4 mm thick 
slice, with a field of view of 256x256 mm, and an in-plane 
pixel resolution of 1 mm / pixel. The acquisition time for the 
two images was about 16.2 seconds. 
It can be seen on Figure 2 that the white spots corresponding 
to the markers seem somehow punched in the tongue surface. 
The tongue markers and notably the most anterior ones are 
most prone to this effect, whereas those on the face seem well 
set down on the surface. This effect coincides with 
articulations characterised by a significant central groove. This 
observation could be explained by a partial volume effect: 
since the overall signal measured results from the integration 
of microscopic radiation over the 4 mm thick slice, an 
inhomogeneous composition of this slice (for example, a U-
shaped tongue in the coronal orientation), would imply 
intermediate grey levels that are interpreted as tissues rather 
than air. Supplementary experiments are needed to better 
understand this phenomenon. 

 

Figure 2: Markers’ locations (left: front picture; middle: 

midsagittal image with superimposed contours (yellow lines) 

and markers (cyan dots); right: complementary parasagittal 

image. 

3. Contours and markers data 

In order to make provision for building articulatory linear 
models (cf. [7]), we have recorded a complete French corpus 
comprised of all oral and nasal vowels /a ɛ e i y u o ø ɔ œ ɑ ̃ɛ ̃
œ̃ ɔ/̃, as well as of consonants /p t k f s ʃ m n ʁ l/ uttered in all 
symmetrical vowel contexts and sustained for at least 16.2 
seconds. A subset limited to contexts /a ɛ e i u o/ was used in 
the present study, thus including 74 articulations. Following 
the procedure described in [7], the contours of the various 
deformable organs were manually edited by means of cubic 
spline curves from the midsagittal image, and the rigid 
contours were manually positioned by rototranslation. The jaw 
aperture or jaw height was defined as the difference between 
the vertical coordinates of the upper and lower incisors edges. 
The skull bony structures were used to align the contours of all 
articulations on the same landmarks, thus allowing for the 
compensation of the speaker’s head movements in the sagittal 
plane. The centres of the white spots produced by the markers 
were manually marked, possibly using the parasagittal image 
when these spots were not visible enough (it was assumed that 
this image was not too different from the midsagittal one). The 
contour of the tongue was traced from its junction with the 
epiglottis, hereinafter referred to as tongue root, up to the 
point of contact of the apex with the jaw, and – when possible 
– including the sublingual cavity contour along the tongue 
frenulum up to the point where the mouth floor connects with 
the jaw. As there is no marker affixed to the tongue extremity, 
this point was identified and separately pointed by the expert 
(hereinafter referred to as TT). The tongue contours were then 
re-sampled with 150 points equally distributed between the 
root and the tip; these points might be considered similar to 
tongue flesh points under the assumption of a uniform or 
constant longitudinal elasticity along the tongue contour. 
Similarly, lip contours were re-sampled with 100 points each, 
between the subnasale and a fixed point on the upper incisors’ 
gum for the upper lip, and between the submentale and a point 
attached to the lower incisors’ gum for the lower lip. 

4. Evaluation of elasticity 

It was first found that tongue curvilinear length varied 
from -10.1% to +8.4% around a mean of 11.8 cm, while upper 
and lower lip lengths varied from -14.4% to 35.6% around 
4.70 cm and from -17.6% to 29.6% around 5.1 cm 
respectively. Then, for each articulation and each contour, we 
determined the projections of the markers’ centres on the 
contours, and the indices of the points closest to these 
projections. This allows to assess the “apparent sliding” of 
markers with respect to lips and tongue contours, i.e. the 
variation of location between the actual flesh points and the 
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equally distributed points along the contours. It was first 
observed that the distance from the markers’ centers to the 
contours ranges between 0 and 0.45 cm. These results are not 
too far from the expected half of markers’ height, i.e. 0.2 cm.  
Figure 3 shows the points associated with the indices of the re-
sampled points closest to the projections for all the 
articulations, plotted on average tongue and lips contours 
obtained from the whole corpus. The zones associated with 
each marker can be clearly identified; their extent is fairly 
large – from 0.6 to 1.5 cm –, which demonstrates that the 
uniform elasticity hypothesis is not fully verified.  
It should be noted that the points of the re-sampled contours 
depend in particular on the anchor points that delimit the 
extremities of these contours. Errors on these anchor points 
thus have an effect on the positions of the other points 
sampling the contour, the effect being stronger in the 
proximity of the anchor points than far away.  
The reliability of the anchor points estimation is thus crucial. 
Note that the projection of the submentale marker that defines 
the beginning of the lower lip contour might be fairly unstable. 
A small inaccuracy in the position of the marker’s centre may 
induce an important error in the position of the projection and 
thus affect the sampling in a significant way. Similarly for the 
tongue: the extremities are marked by the expert, but are 
subject to interpretation errors, in particular in the tongue tip 
region for bunched articulations. 

tip mid bdy

bck

 

Figure 3: Sliding zones (thick lines) associated with each 

marker (�) plotted on average contours. The zones extents are 

1.2, 1.4, 1.1, and 1.5 cm for the tongue markers (from tip to 

back) and 0.6 and 0.8 cm respectively for the upper and lower 

lips. 

In order to assess the relative elasticity characteristics of the 
different regions of the tongue, we have computed, for each 
articulation, the curvilinear distance between the four markers, 
i.e. tip-blade, blade-body and body-back distances relative to 
(1) the tip-back distance, and (2) the TT-root distance 
(between the tongue tip selected by the expert and the junction 
between tongue and epiglottis). The advantage of the tip-back 
distance base is that it does not depend on the expert choice of 
tongue tip location; the TT-root distance base introduces an 
extra variability source related to both the expert decisions and 
the elasticity of the TT-tip and back-root segments (note that 
the relative distance were additionally scaled by the ratio of 
the average between TT-root and tip-back distances to make 
them comparable to those based on the tip-back distance). 
Table 1 displays the statistics of these measurements. If the 
elasticity of the different tongue regions was similar, the 
relative distances would be constant when total tongue length 
varies with the articulation; the relative extent of variation, 
computed as the ratio (max-min)/mean for each distance, is an 
indicator of the departure from the uniform elasticity 
hypothesis. We see in Table 1 that this ratio ranges between 
about 30 and 40% when the base of the ratio is the tip-back 
distance, which shows clearly that the tongue deformation is 
not uniform; it appears also that the elasticity of the most front 
region is more variable than that of the back region. The use of 
the TT-root base increases the range of this ratio to almost 

50% for the blade-body segment, while the body-back 
segment relative extent is almost the same.  

Base Rel. dist. min (%) mean (%) max (%) Rel. extent

tip-blade 22,3 28,2 33,2 38,8%

blade-body 26,4 31,1 38,4 38,7%

body-back 32,0 40,7 44,9 31,5%

tip-blade 21,2 28,2 34,1 45,9%

blade-body 24,7 31,1 39,5 47,8%

body-back 32,7 40,7 46,5 33,9%

tip-back 

distance

TT-root 

distance
 

Table 1: Statistics of curvilinear distances between tongue 

markers. Sum(mean) = 100%. Rel. extent = (max-min) / mean. 

5. Articulatory models and relations 
between contours and markers 

We next established articulatory models by means of guided 
Principal Component Analysis (PCA), following the method 
described in [7] but limited to the midsagittal plane. For the 
tongue, the JH, TB, TD, TTH and TTV components correspond 
respectively to the jaw influence, the tongue body 
displacement, the bunched or flat shape of the tongue body, 
and the horizontal and vertical movements of the tongue tip. 
For the lips, the protrusion (ULpro and LLpro) and height 
(ULhei and LLhei) measurements of each lip have been used 
as control parameters complementary to jaw height. Table 2 
displays the cumulation of the relative variance explained by 
each component, and the Root Mean Square contour 
reconstruction error (RMSE). Figure 4 displays nomograms 
associated with the components of the various articulators, 
including markers. These results are consistent with previous 
models elaborated on the same speaker [7], though we have 
noted small differences that may likely be ascribed to 
differences in geometrical sampling methods. Overall, the 
model reconstruction is accurate, with an explained variance 
between 74 and 95 %, and an RMSE between 0.07 and 
0.14 cm. The lower performance for the lower lips may be 
ascribed to the slight lack of accuracy in the position of the 
submentale marker. Note also that the movements of the 
markers and of the contours points are not always exactly 
parallel to each other, which points again to a sliding effect. 
In addition, a standard PCA has shown that 5 components can 
account for 97.2 % of the variance of the 150 points of the 
tongue, as well as for 98.9 % of the variance of the projections 
of the four tongue markers. This is promising for the 
prediction of contours from the marker coordinates. In a 
complementary approach, we have thus developed articulatory 
models controlled by the coordinates of the markers, 
complemented with the jaw height parameter. For each organ 
– tongue and lips – these coordinates, that are partially 
correlated one with each other, are replaced by their 
uncorrelated version obtained by PCA, and imposed as control 
parameters of the models of contours using multiple linear 
regression. The general performances of these models, given 
in the last line of Table 2, are close to that of the original 
models, with an explained variance about 86 %, and an RMSE 

Tongue Cum 

var

RMSE Upper 

Lip

Cum 

var

RMSE Lower 

Lip

Cum 

var

RMSE

JH 14,6 0,43 JH 7,6 0,21 JH 25,3 0,23

TB 54,8 0,31 ULpro 70,6 0,12 LLpro 50,2 0,19

TD 82,0 0,20 ULhei 79,8 0,10 LLhei 73,7 0,14

TTH 90,8 0,14

TTV 95,4 0,10

Markers 88,7 0,15 85,7 0,08 86,5 0,10

Table 1: Relative variance explained for the articulatory 

models (Cumvar: cumulated variance in %; RMSE en cm). 
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between 0.08 and 0.15 cm, though some degradation is 
noticeable. Figure 5 illustrates the results. For the /fa/, the 
lower lip compression, likely associated with a non linear 
phenomenon, is poorly represented. The tongue apex of /lã/ is 
also poorly reconstructed, while for /ka/, more regularly 
shaped, it is very well reconstructed. 

6. Conclusions 

We have successfully developed fiducial markers made of 
MRI-visible non poisonous thermoplastic polymers that can be 
attached to various articulators’ flesh points. A database of 74 
MRI images has been collected for one speaker uttering a 
corpus of French articulations. The contours of the articulators 
have been traced, and the centres of the markers have been 
determined. It has been found that the extent of the sliding of 
markers   with   respect  to  contours  ranges  between  0.6  and  

Jaw: JH 

Upper Lip: JH 

Lower Lip: JH 

Tongue: JH 

 

Upper Lip: ULpro 

Lower Lip: LLpro 

Tongue: TB 

 

Upper Lip: ULhei 

Lower Lip: LLhei 

Tongue: TD 

 

Tongue: TTV 

 

Figure 4: Articulatory nomograms of tongue, lips and 

associated markers for variations of the control parameters 

from -3 to +3 by 0.5 steps. Mean contours are drawn in black 

lines, contours for negative parameter values in green, and 

those for positive values in red. Every 15th point is displayed 

with dots to illustrate the movements of the models points. 

Markers movements are displayed with extra black circles. 

1.5 cm. Specifically, the curvilinear distances between two 
tongue flesh points relative to the total length in the 
midsagittal plane can vary up to about ±20%. The assumption 
of a uniform longitudinal elasticity along the tongue and lips 
contour is thus not entirely verified.  
However, it has been shown that the coordinates of the 
markers and of the jaw can predict the articulators’ contours 
with a relative variance explanation of about 85 %, and an 
RMS reconstruction error between 0.08 and 0.15 cm, 
compared with 74 to 95 % of variance and 0.07 to 0.14 cm of 
RMS error for the original articulatory models. These results 
confirm the relevance of the approach consisting in controlling 
orofacial clones from articulographic data [6]. They also 
confirm earlier studies on the relations between flesh points 
and articulatory contours that were limited in scope: [9], from 
videofluoroscopic films on tongue only; [10] and [11] from 
ultrasound and electromagnetic articulographic data. The 
present study extends them to full tongue and lips contours.  
The short term perspectives are to extend this study to more 
speakers. It will also be worth improving the method by 
testing smaller markers and defining more accurately the 
anchor points. In a longer term view, these data would be very 
useful to constrain and / or assess biomechanical articulatory 
models. 
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/fa/ 

 

 

Original contours

From markers + jaw

From articulatory parameters  

lã/ 

 

 

Original contours

From markers + jaw

From articulatory parameters  

/ka/ 

 

 

Original contours

From markers + jaw

From articulatory parameters  

Figure 5: Comparison of original contours, contours generated 

by articulatory modelling from articulatory parameters, and 

contours reconstructed from markers + jaw coordinates (�).  
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