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Abstract:

Measurement of vocal tract area functions from MRI data requires a technique for tooth

visualization because the teeth are as transparent as air in the images. In this article, a new method is
proposed to accurately superimpose the teeth onto MRI volume data. Upper and lower tooth images
with the surrounding bony structure are obtained by scanning a subject holding a contrast medium in
the oral cavity. They are superimposed onto the target volume data via a three-dimensional
transformation using landmarks sampled from the tooth images and target MRI data. The accuracy of
the dental image superimposition is ensured by the minimization of the error volume, which is the
mismatch volume of the dental image overlapping the surrounding soft tissue. The method is evaluated
using five operators sampling the landmarks. Results show that the error volume is significantly
reduced to a nearly constant value regardless of the operator’s skill.
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1. INTRODUCTION

The magnetic resonance imaging (MRI) technique has
been used for measuring vocal tract shape in three
dimensions and calculating the area functions [1-4]
because MRI has no known harmful effects. The use of
MRI has expanded from two-dimensional to three-dimen-
sional imaging, and from static to dynamic imaging [5].
Thus MRI is becoming one of the most powerful tools for
studying speech production, but it has several disadvan-
tages with respect to measuring the vocal tract. The most
serious one is the lack of the teeth; since calcified structures
such as bones and teeth have little mobile hydrogen, they
are almost invisible in MRI data. Consequently, the teeth
and oral cavity have the same low pixel value (black) in an
image, and are indistinguishable from each other. In such
images, the oral cavity size is easily overestimated.

Various methods have been used to exclude the teeth
volume from the oral cavity in MRI data. The use of dental
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stone casts is a commonly used procedure. Yang ef al. [6]
scanned casts in water using MRI to obtain the three-
dimensional shape of the teeth for determining the
boundaries of the oral cavity. Engwall [7] built polygon
mesh data of the teeth and palate using a dental cast for the
same purpose. Narayanan et al. [8,9] and Alwan er al. [10]
measured casts using calipers, and sliced dental impres-
sions to trace the outlines of the slices. This method was
also adopted by Espy-Wilson et al. [11].

A few different approaches have also been attempted.
Story et al. [3,4,12] and Tom et al. [13] used electron beam
computed tomography (EBCT) to extract the dental images
to obtain accurate volume data of the vocal tract.
Matsumura et al. [14] and Niikawa er al. [15,16] used a
dental crown plate made of vegetable oil to directly image
the dental boundaries. Wakumoto et al. [17] used double
plastic plates with an oil layer in between for the same
purpose.

A few disadvantages can be noted among the previous
methods described above. The methods using the dental
cast [6-11] or dental crown plates [ 14—17] required image-
by-image manual segmentation of the tooth boundaries,
which takes time and effort. The methods using x-ray
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[3,4,12,13] are of limited use. The notable problem
common across all methods is the lack of a criterion to
evaluate accuracy. In this paper, we propose a new method
to superimpose three-dimensional dental images on MRI
volume data for accurate vocal tract measurement.

2. MATERIALS

The MRI data used in this study was obtained from a
Japanese male subject (24 years old) using a clinical MRI
scanner, the MAGNEX ECLIPSE 1.5T Power Drive 250
(Shimadzu-Marconi). The cervical part of the neck array
coil was used to obtain dental images in Experiment I, and
the torso coil was used to record orofacial images in
Experiment 2.

2.1. MRI Experiment 1: Dental Scans for Extracting
“Digital Jaw Casts”

The purpose of the dental scan is to obtain volume data
for the upper and lower jaws with teeth. MRI data were
obtained to produce a set of “digital jaw casts™ for
superimposing the dental images onto the target volume
images. The subject took a prone position during the scan,
holding blueberry juice inside the mouth as an oral contrast
medium. It is known that blueberry juice can serve as a
contrast medium for MRI [18]. In addition, the subject bit
on a small wooden chip between the upper and lower teeth
so that the interdental space could be visualized. The scan
parameters were as follows: fast spin echo (FSE) scan
sequence, sagittal slice plane, 1.5mm slice thickness. no
slice gap, no averaging, 256 x 256 mm field of view
(FOV), 512 x 512 pixel image size, 51 slices, 11 ms TE,
and 3,000ms TR. The total acquisition time was approx-
imately 180s.

2.2. MRI Experiment 2: Orofacial Scans for Vocal
Tract Imaging While Producing Five Japanese
Vowels

Five sets of volume data were acquired to extract the
vocal tract during sustained productions of Japanese

vowels /a/, /i/, /u/, /e/, and /o/. The subject took a

supine position during the scans, and produced each vowel

while maintaining the speech organs in a steady position.

All of the scan parameters were the same as those in the

dental scan, except the slice thickness (2.0mm). The

acquisition time was 180s for each scan.

3. METHOD

The procedures in our method are as follows: (1)
Extract the upper and lower jaws with teeth from the dental
scan data to reconstruct a set of upper and lower “digital
jaw casts”; (2) sample the coordinates of four anatomical
landmarks on the upper and lower jaws from all the volume
data; (3) generate initial affine transformation matrices

from four landmarks of the “digital jaw casts” and those of
the target volume data so that the former can be super-
imposed on the latter; and (4) optimize the affine trans-
formation matrices to minimize the error volume using a
simulated annealing (SA) method [19].

3.1. Image Processing and Volume Reconstruction
The original images in a 16-bit DICOM format
exported from the MRI system were converted into 8-bit
images using a threshold selection algorithm based on a
mean adjacent-pixel number [20]. This method can
automatically determine the threshold value at which the
body tissue is appropriately segmented from the airway in a
[6-bit image. After the threshold value was calculated, a
linear conversion was performed so that the value in a 16-
bit image was mapped to 40 in an 8-bit one. This process
was necessary to eliminate any variation in image histo-
grams among different image sets. After the conversion,
the air-tissue threshold value was 40 in all 8-bit image sets.
The dental scan data shows that the upper and lower
jaws with teeth can be extracted by manually tracing the
boundaries to reconstruct the “digital jaw casts.” Anatom-
ically the upper jaw represents the maxilla and palatal bone
inferior to the base of the zygomatic process, and the lower
jaw is the mandible except for the right and left rami.
Because the contrast medium in the oral cavity had high
pixel values (white) but the teeth had low pixel values
(black), the dental boundaries can be identified and the
upper and lower jaws can be segmented in each image.
The images of the upper and lower jaws and those of
orofacial scans were interpolated using a ftri-linear algo-
rithm to reconstruct volume data sets consisting of a cubic
of 0.5 x0.5x 0.5mm.
visualized “digital jaw casts.”

voxel Figure 1 represents the

3.2. Anatomical Landmarks and Sampling Method
Four anatomical landmarks were defined on the upper
jaw and four on the lower jaw, as shown in Fig. 2.

Fig. 1 Upper and lower “digital jaw casts.” They were
extracted tfrom the data in MRI Experiment 1.
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(b) Upper and lower jaws

Fig.2 Anatomical landmarks. Four landmarks were
defined on the upper jaw and four on the lower jaw.
Ul: anterior nasal spine (ANS), U2: center of the
dental pulp of the maxillary left second molar, U3:
center of the dental pulp of the maxillary right second
molar, U4: rhinion (the midline point at the inferior
free end of the internasal suture), L1: superior point of
the cancellous bone of the mandible on the midsagittal
plane L2: center of the dental pulp of the mandibular
left second molar, L3: center of the dental pulp of the
mandibular right second molar, and L4: inferior point
of the cancellous bone of the mandible in the
midsagittal plane.

The landmarks do not necessarily need to be the above-
mentioned ones; any anatomical landmark is useful if it can
be identified both in the “digital jaw casts” and target
volume data. In the present study, these points were
selected because they are located apart, thus being clearly
observable in all data sets.

Three operators (Al, A2, and A3) sampled the three-
dimensional coordinates of the above landmarks using a
Multi Planar Reconstruction (MPR) program. This program
can display three orthogonal planes of volume data passing
through the position of a mouse pointer and can record the
pointer’s position. To reduce sampling errors, they picked
each point five times for each of the volume data sets. The
averaged coordinates were used in the following procedure.
In addition, using the same data sets, two operators (B1 and
B2) sampled the landmarks only once so that these roughly
sampled data could serve in examining the validity of SA
optimization.
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3.3. [Initial Affine Transformation Matrix

The initial affine transformation matrices used for
superimposition were computed from the coordinates of the
anatomical landmarks. Two matrices were generated for
each target volume data: one for the upper jaw, and the
other for the lower jaw. Each matrix was calculated as
follows. The four anatomical landmarks on the upper or
lower “digital jaw cast” were defined as Pj(xy,y1,21),
Py(x2,¥2,22), P3(x3,y3,23), and Py(xs4,y4,24). The corre-
sponding four points on the target volume were defined as
Pi(x),¥1.2))s Ph(xh, vh.25), Po(xy, ¥4, 25), and Py(x), v, 25).
Using an affine transformation matrix M, Py, P,, P3, and P,
were mapped to P(x],y/,2)), Py(x5,v5,25), P5(xy,¥5,25),
and Pj(x},y,,z,), using the following equation:

Yool xioyoz |
x5y, | X oy oz |
o = M, (1)
X3oy3 o7z | x3 vz zz3 |
SIS VAR Xe va o zg |

where M is a 4 x 4 matrix, including two submatrices R
and T. R is a 3 x 3 matrix for rotation, and T is a | x 3
matrix for translation.

The parameters for rotation and translation in the initial
transformation matrix are obtained by minimizing the total
distance D calculated for the corresponding points in the
matrices:

D = PP. )

4
k=1

3.4. Error Volume and Matrix Optimization

The error volume was introduced as a parameter to
evaluate the accuracy of the superimposition of the “digital
jaw casts” on the target volume data. Its value was defined
as the number of voxels in the “digital jaw casts” that
overlapped the soft tissue of the target volume data, which
was represented in cubic centimeters. If the “digital jaw
casts” were superimposed onto the target volume data in
the appropriate position, most of the voxels would be
placed on dark regions in the target volume (i.e., the jaws
and teeth), and the error volume would be small. On the
contrary, if the cast were moved to an inappropriate
position, the error volume would increase. The error
volume was calculated using the following algorithm.

The coordinate of each voxel, (x,y,z), of the “digital
jaw cast” is mapped to the destination coordinate,
(X', y',7), using the equation:

Y. D)=y, DM, (3)

where M is the affine transformation matrix for the “digital
jaw cast” to be superimposed onto the target volume. If the
voxel value of the target volume at the coordinate (x',y’, ")
is greater than the threshold value for extracting the teeth
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and jaws from the soft tissue, the voxel is counted as error
volume. In the present study, the threshold value was set at
90. While the teeth and thick bony regions of bones
consisting of compact substance are adequately segmented
from soft tissue with the threshold at 40, the thin bony
regions, such as dental sockets and the palatal bone, are not
because these regions are influenced by the surrounding
soft tissues and blueberry juice, which have high pixel
values. The optimization of the initial affine transformation
matrices to minimize the error volume was based on the
SA method [19].

The SA method is an efficient algorithm used for
optimization in nonlinear and stochastic systems, and it is
also known to be resistant to the problem of local minima.
In the present study, affine transformation matrices were
optimized through an iterative process in which the rotation
or translation parameters in the matrix were minutely
changed and the change was judged to be accepted or not
by referring to the error volume. The change was accepted
when it successfully decreased the error volume. When the
error volume was not reduced, it was accepted with a
probability given by exp(—AE/T), where AE was the
increase of the error volume and T was the “temperature”
parameter that gradually decreased in the iteration. The
change was rejected when a large increase of the error
volume resulted. The total iteration number was set at
1,000.

Because it takes considerable time to calculate the
error volume on entire images, the calculation was
performed only in the three orthogonal planes passing
through the centroid of the “digital jaw cast.” The total
calculation time was approximately 70s (FreeBSD operat-
ing system, 1-GHz CPU, and 1-GB RAM).

4. RESULTS AND DISCUSSION

4.1. Sampling Error (Standard Deviation) of Anatom-
ical Landmarks
Table | shows the sampling errors for the landmark
coordinates of the upper and lower jaws sampled by the
three operators (A, A2, and A3) from the volume data for
the five vowels and dental scan. These values index the
units  of

standard deviations of the landmarks in

0.5 x 0.5 x 0.5mm voxels.

4.2. Results of Superimposition Using Initial Affine
Transformation Matrix

Table 2 shows the values of error volume in cm?, when
the initial affine transformation matrices were used for
superimposition. The total volume of the upper jaw was
12.44 em?, and that of the lower jaw was 21.53 cm?®. The
values show a large deviation, ranging from 1.20 to
6.20cm’. Moreover, the values of Al, A2, and A3 were
significantly smaller than those of Bl and B2 (/-test:

Table 1 Sampling error (standard deviation) of ana-
tomical landmarks. Units are voxels (0.5 x 0.5 x
0.5 mm).

(a) Upper jaw
Operator /a/ /i/ Ju/ /e/ /o/

Dental scan

Al 0.87 048 068 044 035 0.34
A2 095 0.75 1.30 0.88  0.83 1.61
A3 11309  1.03 118 LI3 1.07

(b) Lower jaw

Operator ~ /a/ /i/ Ju/ /e/ /o/

Dental scan

Al 050 036 034 056 0.63 0.29
A2 1.36 115 1.53 140 1.73 1.44
A3 16 126 123  0.72 1.50 1.12

Table 2 Error volume before optimization in cm®. The
total volume of the upper jaw is 12.44 ¢cm?, and that of
the lower jaw is 21.53 cm?. The average of the values
in the upper jaw is 2.10cm® and that in the lower jaw is
3.14cm?. The total standard deviation of the values in
the upper jaw is 1.01, and that in the lower jaw is 1.45.

(a) Upper jaw

Operator  /a/ /i/ Ju/ /e/ /o/  Avg.  Std.
Al 1.73 1.20 1.31 1.34 1.47 1.41 0.20
A2 .67 137 174 142 159 156 0.16
A3 1.52 1.22 1.46 1.37 1.56 1.43 0.14
BI 384 354 407 350 400 379 026
B2 366 165 256 133 229 230 090

Avg. 2.48 1.80 2.23 1.79  2.18
Std. 116 099 114 096 1.07

(b) Lower jaw

Operator  /a/ J1/ Ju/ /e/ /o/  Avg.  Sud.

Al 236 1.29 164 123 238 1.78  0.56
A2 249 156 175 285 249 223 055
A3 304 169 235 253 329 258 062
Bl 350 377 585 312 620 449 1.43
B2 490 557 521 413 341 4.64  0.87
Avg. 326 278 336 277 355

Std. 1.03  1.84 201 105 1

p < 0.01): ie., the superimpositions by Al, A2, and A3
were more accurate than those by Bl and B2.

Figure 3 shows three orthogonal planes (sagittal,
coronal, and transverse) of the volume for vowel /u/.
The images in Fig. 3(a) are the results of A2 and those in
(b) are those of BIl. The slice locations are common
between Figs. 3(a) and (b). Figure 3 clearly shows that the
result of superimposition by A2 is superior to that by B1.
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(b) Results of operator B1

Fig.3 Three orthogonal planes (sagittal, coronal, and
transverse) of the volume for vowel /u/, which were
superimposed onto the “digital jaw casts” according to
the initial transformation matrices.

Table3 Error volume after optimization in cm?®. The
average of the values in the upper jaw is 1.19cm? and
that in the lower jaw is 1.56cm?. The total standard
deviation of the values in the upper jaw is 0.11, and
that in the lower jaw is 0.26.

(a) Upper jaw

Operator  /a/ Ji/ /u/ /e/ Jo/  Avg.  Std.

Al 135 1.09 122 105 121 1.18  0.12
A2 135 103 128 1.09 1.18 118 0.13
A3 123 1.06 122 115 123 1.18  0.07
Bl 1.31 .10 1.35 1.1 1.34 124 0.13
B2 122 1.0l 126 1.07 124 1.16  0.11
Avg. 129 106 126 1.09 1.24
Std. 006 0.04 006 004 0.06

(b) Lower jaw

Operator  /a/ /i/ Ju/ /e/ /o/ Avg.  Std.

Al 163 125 1.64 120 1.85 1.51 0.28
A2 .72 130 154 132 185 1.54 024
A3 1.88  1.28 152 128 194 1.58  0.32
Bl 1.82 130 1.51 1.27 191 1.56  0.30
B2 1.89 146 1.63 1.19 1.88 1.61 0.29
Avg. 1.79 132 157 125 1.89
Std. 0.11  0.08 006 005 0.04

4.3. Results of Superimposition Using Optimized
Affine Transformation Matrix
Table 3 shows the values of error volume in cm?, when
optimized affine transformation matrices were used for
superimposition. The values for the same data fall into a
similar small range across the five operators, in contrast to
Table 2. Furthermore, the standard deviations of the values
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(a) Results of operator A2

(b) Results of operator B1

Fig.4 Three orthogonal planes (sagittal, coronal, and
transverse) of the volume for vowel /u/, which were
superimposed onto the “digital jaw casts” according to
the optimized transformation matrices.

are significantly reduced from 1.01 (before optimization) to
0.11 (after optimization) in the upper jaw and from 1.45 to
0.26 in the lower jaw because the optimization process
significantly reduced the difference in the non-optimized
values of the error volume between the operators of A and
those of B. This result indicates that the values of error
volume in all of the data sets were successfully converged
into a similar value by applying the SA optimization,
regardless of the initial values or operators.

The values of error volume for the back vowels (/a/,
/u/, and /o/) are significantly larger than those for the
front vowels (/i/ and /e/) in both the upper and lower jaws
(t-test: p < 0.01). This seems to be due to the motion
artifacts in the image, which differed between the front and
back vowels. In this subject, the speech organs tended to be
more stable in front vowels than in back vowels during
image acquisition.

Figure 4 shows three orthogonal planes of the volume
for the vowel /u/. The slice locations are the same as in
Fig. 3. Figure 4(a) shows the results of A2, while (b) shows
those of B1. The difference between the images of (a) and
those of (b) is very small in contrast to Fig. 3, suggesting
that the optimization is successful.

4.4. Extracted 3D Vocal Tract Shape

Figure 5 shows lateral, top and oblique views of the
three-dimensional vocal tract shape extracted from MRI
volume data based on the proposed method. The dental
images were superimposed onto the volume data for the
vowel /a/ using the optimized transformation matrices.
The vocal tract was extracted by a region-growing
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(a) Lateral view

(b) Top view

(C) Oblique view

Fig. 5 Visualization of the 3D vocal tract shape ex-
tracted from the volume data for vowel /a/, which was
superimposed onto the “digital jaw casts.”

algorithm from a seed point set in the oral cavity, then
visualized using a ray-tracing algorithm. This example
shows that the teeth compose a part of the vocal tract wall
that continues to the lip wall. It also shows that the space
between the upper and lower teeth (interdental space) is
included in the vocal tract. Since these walls move with
speech articulation and form a part of vocal tract side-
branches, dental image superimposition onto MRI volume
data is always a necessary procedure for MRI-based studies
of the vocal tract.

5. CONCLUSION

A method was proposed to combine 3D MRI data with
dental images for vocal tract visualization. Optimization of

affine transformation matrices successfully reduces possi-
ble error in landmark sampling and ensures a certain level
of accuracy regardless of the operator’s skill. The evalua-
tion result confirmed that this method provides an accurate
and automatic procedure to solve the MRI-specific problem
of the lack of dental images.
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