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ABSTRACT

Real-time magnetic resonance imaging (rtMRI) is becoming
a practical tool in speech production research and language
pathology observation. It is still a challenge to extract the
tongue contour accurately in rtMRI sequences, since tongue
is a soft tissue and often touches other organs such as lips
and upper mandible. This paper proposes a novel semi-
automatic tongue contour extraction method from rtMRI
sequences. The initial boundary image is obtained by
combined multi-directional Sobel operators in tongue
movement region; then a boundary intensity map is
constructed to find the most probable tongue contour points
by searching for the optimal boundary route with Viterbi
algorithm; finally the tongue contour is obtained using B-
Spline approximation. The proposed method could obtain
accurate tongue contour from rtMRI sequences, even in the
cases that some parts of tongue touch other organs.
Experiments demonstrate the robustness of the proposed
method.

Index Terms— Real-time magnetic resonance imaging
sequences, tongue contour extraction, boundary intensity
map

1. INTRODUCTION

As an important image observation tool nowadays, real-time
magnetic resonance imaging (rtMRI) promises to be a viable
tool for studying speech production and language pathology
[1-3]. Many methods have been proposed for studying the
speech production mechanism, including vocal tract
segmentation from MRI sequences [4-6], discussing the
tongue position for vowels [7-10], and the tongue motion
patterns in speech production [11-14].

Researchers have proposed many methods of extracting
tongue contours from MRI data [15-17]. Most of the
methods need lots of manual operations in the early stage,
and the boundaries of tongue in the images are usually
distinct. A semi-automatic vocal tract segmentation method
from rtMRI sequences was proposed in [18]. They provided
a MATLAB tool to extract the vocal tract boundaries. This
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software is an efficient tool for human speech production
research [19-22]. However the extracted tongue contour is
occasionally unreasonable especially when the tongue
touches other organ boundaries such as lips and upper
mandible. In [19-21], researchers studied the case that
tongue touches other organs when pronouncing some special
phonemes. However, their approaches are partly dependent
on manual operation.

In this paper, a semi-automatic method is proposed to
extract tongue contour. The tongue contour is defined as the
boundary of the tongue in 2D magnetic resonance images.
The proposed method consists of three steps:

1) register the tongue movement range and detect the
initial boundary points using combined multi-directional
Sobel operators;

2) construct a boundary intensity map to find the tongue
contour points by searching for the optimal boundary route
with Viterbi algorithm;

3) obtain the final tongue contour using B-Spline
approximation [23].

The rest of this paper is organized as follows: the method
of extracting accurate tongue contour is described in Section
2 and Section 3; experiments are discussed in Section 4; and
the conclusion is given in Section 5.

2. INITTAL BOUNDARY DETECTION

2.1. Image acquisition

All data analyzed in this paper are from the USC-TIMIT
database [24]. Subjects’ upper airways were imaged in the
midsagittal plane with a resolution of 68%68 pixels. The
rtMRI sequences were reconstructed at the rate of 23.18
frames/second.

2.2. Registration of tongue movement range

A magnetic resonance image usually contains many kinds of
tissue boundaries and noise information. A predefined range
helps to find the initial boundary points quickly in the whole
image. In [18], by marking four anatomical landmarks
manually — the glottis, highest point on the palate, alveolar
ridge and lips, a composite analysis grid is superimposed on
each image frame as shown in Fig. 1 (a).
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Fig. 1. Definition of the tongue’s movements region: (a) a
composite analysis grid on the frame [18]; (b) a rectangle on
the frame in the proposed method.
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Fig. 2. Detection of initial boundary points: (a) tongue
gradient directions in the front and back part; (b) Sobel
operator for the front part; (c) Sobel operator for the back
part; (d) the image of initial boundary points.

In the proposed method, the tongue’s movement range is
labeled manually (see the red rectangle in Fig. 1 (b)), where
the image is the 60" frame in the rtMRI sequences of
speaker F1 [24].

2.3. Detection of initial boundary points

As the magnetic resonance image contains noise information
and tongue frequently touches other organs, it is difficult to
obtain the boundary points with traditional Gaussian kernel
edge-detector. According to the characteristic of tongue
shape, the registered region is firstly divided into two parts -
the front part and the back part of tongue, as shown in Fig. 2
(a). In the front part, gradient directions of the tongue
boundary points are followed as Bottom to Up, Right-
Bottom to Left-Top, Right to Left and Right-Top to Left-
Bottom; while in the back part, the directions are mainly
Bottom to Up, Left-Bottom to Right-Top, Left to Right and
Left-Top to Right-Bottom. In this step, we use combined
multi-directional Sobel operators to get equal gradient value
on the four directions in each part, as shown in Fig. 2 (b) and
(c). Fig. 2 (d) shows the image of initial boundary points
extracted by the multi-directional Sobel operators above.

3. TONGUE COUNTOUR EXTRACTION

3.1. Construction of boundary intensity map

There are many outlier points in the image of initial
boundary points. Then a boundary intensity map is
constructed to remove the outliers and to find the most
probable boundary points of the tongue.
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(a) (b)
Fig. 3. Central point and gridlines: (a) homogeneous
gridlines; (b) inhomogeneous gridlines.

(®) (©)

(a)
Fig. 4. Boundary intensity map: (a) the original boundary
intensity map; (b) the previous tongue contour position in
the original boundary intensity map; (c) the modified
boundary intensity map.

3.1.1. Central point and gridlines

The center of the registered region is selected as the central
point shown with the red point in Fig. 3 (a), which is a
reference point to construct gridlines.

Gridlines are constructed around the central point and
superimposed at a certain angle interval from the glottis to
the glossodesmus as shown with yellow lines in Fig. 3 (a),
which is different from [18] shown in Fig. 1 (a). Particularly,
the glossodesmus is concerned in the proposed method,
because it is expected to extract the entire contour of the
tongue.

Considering the tongue movement characteristic, for
instance, the tongue tip is more flexible than the rear part,
the gridlines should be inhomogeneous in practice. Fig. 3 (b)
shows a proper selection of the gridlines.

3.1.2. Boundary intensity map with gridlines

A boundary intensity map is constructed with the gridlines in
this subsection, which is then used to find the optimal
boundary points series of tongue contour.

Firstly, the sectors between every two adjacent gridlines
are labeled successively from the glottis to the glossodesmus.
Next, a boundary intensity map of DxN is used to find the
most probable boundary points of tongue, where D is the
maximum distance from the probable tongue boundary
points to the central point and N is the total number of
labeled sectors. In the boundary intensity map, the element
in Row i and Colum j stands for the point which is i pixels
away from the central point in the j-th sector of the image.

In order to enhance the robustness of extracting tongue
contour in magnetic resonance images, along each arc of
sectors from the central point to the distant, the maximum
intensity of boundary points is selected as the corresponding
element of the boundary intensity map shown in Fig. 4 (a).

3.2. Searching for the optimal boundary route
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Fig. 5. The boundary route and the tongue contour: (a) the
optimal boundary route of the intensity map; (b) the final
extracted tongue contour.

3.2.1. Modifying the map with previous tongue contour

As the rtMRI sequences analyzed were reconstructed at a
high rate [24], there are at most slight changes in tongue
shape between two adjacent frames in general. Therefore the
previous tongue contour is helpful in predicting that of the
current frame, especially in the case that the tongue contour

is incomplete in the image when tongue touches other organs.

Fig. 4 (b) shows the previous tongue contour
superimposed on the boundary intensity map shown with
small red squares. After that the original map is modified in
every column of the map according to Eq. (1):
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where Kj; is the element in Row i and Column j of the
original map, Mj; is the element in Row i and Column j of
the modified map, #; is the row number of the previous
tongue contour in Column j, and oy is the modifying
standard deviation.The modified boundary intensity map is
shown in Fig. 4 (c). Specially, the original map of the first

frame has not to be modified.
3.2.2. The optimal boundary route in modified map

The maximum in each column of the boundary intensity map
is usually regarded as the boundary points. However, there
are exceptional cases: (i) some outlier points of maximum
intensity in the boundary image are error contour points,
which bring difficulties in extracting the true boundary
points; (ii) there are no obvious boundary points when
tongue touches other organs.

To solve these problems, it is beneficial to use the
transition probabilities in the process of searching for the
optimal boundary route in the boundary intensity map. The
optimal boundary route contains a sequence of probable
tongue boundary points, and it is defined as the Euclidean
distance in pixels successively in every column from the
most probable boundary point to the central point. As
adjacent boundary points are close to each other, the
transition probabilities are given in Eq. (2):
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where Tj; is the transition probability between the Row 4 of
the previous column and the Row i of the next column, and
ot is the transition standard deviation.
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Table 1. A typical configuration of parameters.

Parameter | Value Description
Row number of boundary intensity
D 17 map — the maximum distance in
pixels away from the central point
Column number of boundary intensity
N 10
map — number of labeled sectors
oM 5 Modifying standard deviation
or 6 Transition standard deviation

The optimal boundary route is found by solving Eq. (3):
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where r* denotes the optimal boundary route, P() is the
corresponding probability, r is a possible boundary route, ()
is the j-th element of r, and specially 7)1 is defined to be
1 for simplicity.

Finally, according to the modified boundary intensity
map and the transition probabilities, the optimal boundary
route is obtained using the Viterbi algorithm. Fig. 5 (a)
shows the optimal boundary route of the modified boundary
intensity map.

3.3. Obtaining tongue contour

The last step is to map the optimal boundary route of the
boundary intensity map to the tongue contour points.
According to the optimal boundary route, the probable
boundary point in every column of the boundary intensity
map is mapped to the tongue contour point in the image,
with the angle along the angular bisector of the
corresponding labeled sector (the column number of the
map), and the distance (the row number of the map) away
from the central point. After mapping the boundary points,
the tongue contour is obtained using B-spline approximation
[23]. Fig. 5 (b) shows the finally extracted tongue contour.

4. EXPERIMENTS

4.1. Parameters configuration

A typical parameters configuration is shown in Table 1.
Meanwhile the parameters of the latest version MATLAB
tool [18] released in 2014 are all recommended default
values, and the anatomical landmarks are marked manually
according to the prompted messages. All MRI data analyzed
in the next subsection are from Speaker F1 [24].

4.2. Results and discussion

4.2.1. Extraction results of tongue contour

In Fig. 6, images in the first row are results of the baseline
method [18], and the second row are the proposed method.




Fig. 6. Tongue contour extraction results. The first row: the
baseline method; the second row: the proposed method.

Fig. 6 demonstrates that the baseline method and the
proposed method are both effective in most cases. However,
the baseline method may extract the unreasonable tongue
contour when tongue touches other organ boundaries. While
the proposed method works well in this case. By
constructing the boundary intensity map and searching for
the optimal boundary route with transition probabilities, the
proposed method shows improved robustness in more
different situations.

4.2.2. Extraction accuracy of tongue contour key points

Four key points on tongue tip (TT), tongue dorsum (TD),
rear part of tongue body (TB) and tongue root (TR) are
given as shown with the red points in Fig. 7, which are
usually used for studying tongue’s continuous motion.

Table 2 shows the extraction errors of the key points in
50 continuous frames respectively from Speaker M1 and F1.
The extraction errors are defined as the Root Mean Square
Errors (RMSE) of Euclidean distance in pixels between the
automatically extracted points and the true key points which
are marked in these frames by three volunteers (one
volunteer is a professor studying speech production and
other two volunteers are medical college students).

The data in Table 2 show that the extraction error of
tongue tip is obviously larger than those of other key points.
The reason may be that tongue tip moves very flexibly, and
it touches other organs frequently. It is still a challenge to
extract tongue tip accurately.

4.2.3. Extraction accuracy of different speakers

To examine the extraction accuracy of tongue contour, 50
image frames are respectively taken from rtMRI sequences
of ten different speakers [24]. The errors of tongue contour
extraction results using the baseline method and the
proposed method are shown in Table 3, which are the mean
RMSE of the tongue contour key points presented in the
previous subsection. Meanwhile the key points in these
frames are also marked manually.

Table 3 indicates that the proposed method is effective in
automatically extracting the tongue contour with reduced
errors, demonstrating that the proposed method is more
robust than that in [18] statistically. The experiment results
show that the proposed method is speaker-independent.

Fig. 7. Key points of tongue contour: TT, TD, TB and TR.

Table 2. RMSE in pixels of key points.

Key points Speaker M1 Speaker F1 Mean
TT 1.88 1.57 1.73
TD 041 0.51 0.46
TB 0.86 0.69 0.78
TR 0.07 0.13 0.10
Table 3. Mean RMSE in pixels of ten speakers.
Speaker | The baseline method The proposed method
M1 1.06 0.81
M2 0.86 0.70
M3 0.57 0.63
M4 0.65 0.46
M5 1.16 0.92
F1 0.91 0.73
F2 1.02 0.69
F3 0.74 0.58
F4 0.80 0.55
F5 0.54 0.61
Mean 0.83 0.67
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However, there may be a big difference of mean RMSE
among different speakers, such as Speaker M4 and M5, so
the robustness needs to be further improved in the future.

5. CONCLUSIONS

A novel method of semi-automatic tongue contour extraction
in rtMRI sequences is proposed. The initial boundary image
is obtained with combined multi-directional Sobel operators
in registered region; then a boundary intensity map is
constructed to find the most probable tongue contour points
by searching for the optimal route with Viterbi algorithm;
finally the tongue contour is obtained using B-Spline
approximation. Experiments show that the proposed method
is of higher accuracy in tongue contour extraction, especially
when some parts of tongue touch other organs. The proposed
method could be extended to extract contours of other
organs such as joints and backbones in MRI or X-ray images.
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