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Application of MRI movie for observation of articulatory movement during a

fricative /s/ and a plosive /t/

Tooth visualization in MRI

.LW. Ng?; T. Ono®; M.S. Inoue-Araic; E. Honda‘; T. Kurabayashic; K. Moriyama’

ABSTRACT

Obijective: To use an accurate method of tooth visualization in magnetic resonance imaging (MRI)
movie for the observation of spatio-temporal relationships among articulators.

Materials and Methods: The subjects were two volunteers. Each subject repeated a vowel-
consonant-vowel syllable (ie, /asa/; /ata/), and the run was measured using a gradient echo
sequence. A custom-made clear retainer filled with the jelly form of ferric ammonium citrate was
then fit onto the dental arch, and a T1-weighted turbo-spin-echo sequence was taken. Landmarks
were used for superimposition of the incisor boundary onto sequential images of MRI movie.
Tracings were conducted to observe the spatio-temporal relationships among articulators.
Results: The incisor boundary was clearly visible in the magnetic resonance images. After
superimposition, the contact distance of the tongue to palate/incisor was found to be longer during
/t/-articulation than during /s/-articulation. There were prominent differences in images with and
without tooth superimposition in the front oral cavity.

Conclusions: The method could distinctly extract a tooth boundary in MRI. Detailed
configurational relationships between the tongue and tooth were observed during the production

of a fricative and a plosive in MRI movie using this method. (Angle Orthod. 2011;81:237-244.)
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INTRODUCTION

Magnetic resonance imaging (MRI) has been used
in speech research to observe the shape of articulatory
organs and to measure the vocal tract area with no
known harmful effects.' Recently, MRI movie has
been recognized as a new method for visualizing and
quantifying the spatio-temporal details of speech
production.** MRI movie is a type of cine-loop MRI,
which was modified from a technique originally
developed for cardiac examinations to be applied to
imaging of articulatory movement with the subject
repeating certain syllables in a synchronized manner.
In MRI movie, motion of soft-tissue organs can be
captured, but calcified structures such as teeth are
almost invisible because they have little mobile
hydrogen.® Teeth are important structures for articula-
tion, especially in the production of dental-lingual
consonants such as /s/ and /t/.” In the evaluation of
these dental-lingual articulations, similar pixel-intensity
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values in the oral cavity and on the tooth make it
difficult to extract contours in the front cavity.®

Various methods have been used for tooth visual-
ization in MRI. Previous studies®® have scanned dental
casts in water using MRI to obtain the shape of the
teeth to determine the boundaries of the oral cavity;
but it has been reported that foam produced on the
dental casts causes an artifact in the shape of the teeth
on magnetic resonance (MR) image.’ Wakumoto et
al."" used double plastic plates separated by an oil
layer to image tooth boundaries. However, as reported
in a previous study,’® plastic plates could not be
visualized in MR image and thus it was difficult to
extract accurate tooth boundaries from MRI data."

A few different approaches have also been attempt-
ed. Takemoto et al.® used blueberry juice and Olt and
Jakob™ used water as the oral contrast medium.
However, the subject had to remain in a prone position
during the scan and had to hold blueberry juice or
water inside his or her mouth for a few minutes. This
condition is not comfortable for the subject, and
artifacts may arise from the motion or flow of the
contrast liquid. Furthermore, a previous study reported
that, while in the prone position, the subject might
move his or her head to breathe, which can cause
motion artifacts.’® Although other researchers have
used different methods for tooth visualization, these
also had inevitable drawbacks.®'3'

Thus, the aim of our study was to use a jelly form of
an effective and easily obtained contrast medium to
accurately visualize a tooth in MRI movie for analyzing
the spatio-temporal relationships between the incisors,
tongue, lips, and palate during the articulation of a
fricative /s/ and a plosive /t/.

MATERIALS AND METHODS
Phantom Experiment

In our study, we performed a T1-weighted turbo-
spin-echo (TSE-T1) sequence to have a clearer image
of soft-tissue anatomy within the oral cavity; 4 mg/mL
of ferric ammonium citrate (FAC) was reported to
provide good signal intensity on T1-weighted image in
MRI.** However, the pH for 4 mg/mL of FAC was 5.2.
To avoid the possibility of tooth decalcification, we
added 1.4 mg/mL of sodium bicarbonate, which is
used in daily food ingredients for neutralization, to
make the pH 7.1. Blueberry juice has also been
reported to be an effective oral contrast agent for
MRI,*® and prune juice was found to have a relatively
high signal intensity on T1-weighted image in MRI."" In
our phantom experiment, we chose prune extract
rather than prune juice for comparison because prune
extract has a high viscosity, which resists flow, so it
would not be necessary to add agar if prune extract
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were used for tooth imaging in MRI. Furthermore,
prune extract is commercially available, and concen-
tration in extract should be higher than in juice. It was
thought that higher concentration would provide a
better signal intensity in MRI. Therefore in this
experiment, we compared 4 mg/mL of FAC (Wako
Pure Chemical Industries, Ltd, Osaka, Japan) with
commercially available concentrated blueberry juice
(mySmoothie, Haruna Ecology Co, Ltd, Tokyo, Ja-
pan)'® and prune extract (California Prune Extract,
Minami Healthy Foods Co, Ltd, Saitama, Japan). A
1.5T MRI apparatus (Magnetom Vision, Siemens AG,
Erlangen, Germany) was used in this experiment. MRI
was performed using a TSE-T1 sequence (TR =
600 milliseconds; TE = 15 milliseconds).

MRI Experiment

Two healthy volunteers, a 32-year-old man and a
29-year-old woman, participated in this study. They
had a skeletal Class | molar relationship with no
malocclusions. Both subjects were in good health and
exhibited no obvious speech difficulties as judged by
the experimenter. All of the experimental procedures
complied with the Code of Ethics of the World Medical
Association (Declaration of Helsinki) and were ap-
proved by the institutional ethics committee (No. 472).
Written informed consent was obtained from both
subjects after the experimental procedures were fully
explained.

To visualize central incisors on the midsagittal plane
in MR image, a customized clear Biostar (3171
IMPRELON S, SCHEU Dental Technology, Iserlohn,
Germany) retainer with space around the central
incisors was made on dental casts for the upper and
lower dental arches (Figure 1). Small holes were
opened on the labial and lingual sides for drainage of
extra contrast medium in a jelly form. A mixture of
40 mg of FAC, 14 mg of sodium bicarbonate, and
950 mg of agar powder in 10 mL of boiled water was
used as the contrast medium. Sugar (1100 mg) was
also added to improve the taste. The mixture was then
cooled in the refrigerator.

Four plastic tube landmarks, filled with 4 mg/mL of
FAC, were taped along the midline of the face at the
forehead, nasal root, nasal tip, and chin (Figure 2).

Custom-made circuitry was connected to the MRI
apparatus, which was equipped with a head coil, to
enable an external trigger pulse to control the timing of
the scanning sequence and to provide an auditory cue
for synchronization of the subject’s utterance.*>'® Two
target sounds (ie, a fricative /s/ and a plosive /t/) were
chosen because teeth are important articulators for
these sounds. All data were taken in the midsagittal
plane. Each image had a 238 X 380 mm field of view
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Figure 1. Clear retainer with space around the central incisors of the upper (A) and lower (B) dental arches.

with a pixel size of 1.88 X 1.48 mm (slice thickness =
5 mm); the matrix size was 126 X 256. The subject
was in a supine position and repeatedly uttered a
vowel-consonant-vowel syllable (ie, /asa/, /ata/) in a
synchronized manner in response to the auditory cue.
Each run was measured using a gradient echo (GRE)
sequence for a cardiac cine (repetition time [TR] =
30 milliseconds; echo time [TE] = 4.8 milliseconds; flip
angle = 30°). During data acquisition, an external
trigger pulse was fed to the MRI scanner 42 times. The

Figure 2. Schematic illustration of tubes filled with 4 mg/mL of FAC
that were taped along the midline of the face on the forehead, nasal
root, nasal tip, and chin.

time required for data acquisition was approximately
1 minute. Because wearing the retainer would affect
speech production, the subject was first required to
repeat each vowel-consonant-vowel syllable 42 times
without wearing the retainer.

The prepared jelly form of the contrast medium was
then used to fill the space of the retainer, which was fit
onto the upper and lower dental arches separately.
Extra contrast medium that overflowed from the holes
on the retainer was wiped away. The subject was
required to remain still during data acquisition. Static
MR imaging was performed using a TSE-T1 sequence
(TR = 600 milliseconds; TE = 15 milliseconds), which
produced a higher-resolution image. Each image had a
238 X 380 mm field of view with a pixel size of 0.94 X
0.74 mm (slice thickness = 5 mm); the matrix size was
252 X 512. The height and width of the pixels for both
GRE and TSE-T1 sequences were set at an exact ratio
of 2:1 to eliminate error from linear interpolation during
superimposition. For superimposition, both TSE-T1
and GRE sequences were also taken in the rest
position, while the subject did not wear the retainer.

Superimposition of the Incisor Boundary

After the tooth boundary was extracted, the upper
and lower incisors were colored before superimposi-
tion. Superimposition was conducted using custom-
ized software (Image Rugle® 2009, Medic Engineering
Inc, Kyoto, Japan).

For superimposition of the upper incisor, three
landmarks on the forehead, nasal root, and nasal tip
were used in conjunction with the contour of the
cranium (Figure 3Aa). Together with the upper incisor,
the hard palate was also superimposed because it was
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Figure 3. (A) Superimposition of the upper incisor and hard palate. Landmarks on the nasal tip, nasal root, forehead, and points along the
cranium (Aa) were used for superimposition. (Ab) One of the MRI movie images obtained from this superimposition. (B) Superimposition of the
lower incisor. First, the landmark at the symphysis (Ba) was used to superimpose the lower incisor onto the image taken at rest with a TSE-T1
sequence. The landmarks on the chin and symphysis (Bb) were then used to superimpose the lower incisor onto the image taken at rest with a
GRE sequence. Finally, the landmark at the symphysis (Bc) was used to superimpose the lower incisor onto an MRI movie image. (Bd) The
image obtained after superimposition.

Angle Orthodontist, Vol 81, No 2, 2011
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Figure 4. Comparison of the signal intensity among contrast
media using a TSE-T1 sequence (TR = 600 milliseconds; TE =
15 milliseconds) in MRI. (a) 4 mg/mL of FAC (along with 1.4 mg/mL
of sodium bicarbonate). (b) Blueberry juice. (c) Water. (d) Prune
extract.

not clearly visible on images with the GRE sequence.
One of the MRI movie images obtained from this
superimposition is shown in Figure 3Ab. For superim-
position of the lower incisor, three procedures were
carefully performed by using one landmark on the chin
and symphysis:

1. First, the lower incisor boundary obtained (Figure
3Ba) was superimposed onto the image at rest
taken with a TSE-T1 sequence by using the contour
of the symphysis as a landmark.

2. Next, based on the landmarks of the tube on the
chin and symphysis (Figure 3Bb), the lower incisor
was superimposed onto the image at rest taken with
a GRE sequence. Both images were taken in the
rest position, and thus the landmark of the tube on
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the chin was considered to be stable. This step was
performed to transfer the image of the lower incisor
onto an image that had the same resolution as the
MRI movie images.

3. The obtained image (Figure 3Bc) was then used for
superimposing the lower incisor onto each sequen-
tial image of MRI movie by using the contour of the
symphysis as a landmark.

RESULTS
Phantom Experiment

In the phantom experiment, FAC showed the highest
signal intensity among the four contrast media
(Figure 4). Thus, we suggest that FAC has the highest
potential to be an effective oral contrast medium for
tooth imaging using a TSE-T1 sequence (TR =
600 milliseconds; TE = 15 milliseconds) in MRI.

Tooth Superimposition

Images of incisors were successfully superimposed
on MR images (Figure 5). Sequential tracings of oral
structures without and with tooth superimposition
during the articulation of /asa/ and /ata/ in the two
subjects are shown in Figure 6. There was a prominent
difference in images with and without tooth superim-
position in the front oral cavity. Without tooth super-
imposition, the contours of the front oral cavity could
not be determined and were overestimated (Figure 6).
The pattern of the front oral cavity could be clearly
viewed with the superimposition of incisors. The vague
line of the hard palate in movie images could also be
clearly observed after superimposition.

Figure 5. Comparison of MRI movie images before (A) and after (B) superimposition.

Angle Orthodontist, Vol 81, No 2, 2011
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Figure 6. Comparison of images without and with tooth superimposition during the articulation of /asa/ and /ata/ in the two subjects (subject 1 and
subject 2). Tracings were made before, during, and after maximum constriction (at 600 milliseconds for subject 1 and 690 milliseconds for subject
2) for the articulation of /s/ in /asa/ (a, b) and /t/ in /ata/ (c, d), without (a, c) and with (b, d) tooth superimposition, respectively. The time interval
was set at 180 milliseconds. Clear contact/separation among the tip of the tongue, lips, and palate (shaded areas) can be observed with tooth

superimposition in both subjects.

DISCUSSION

In this study, we applied the proposed method of
using agar-based contrast medium™ for the purpose of
observing articulatory movement in MRI movie. This
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method has been successfully used to clearly extract a
tooth boundary in MR image. Compared with methods
described in some studies,®*®8-1%'2 this method does
not cause artifacts. The contrast medium is made into
a jelly form by adding agar powder' to fill the space in
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the retainer. Because the contrast medium is in direct
contact with the tooth surface, the actual shape and
size of tooth could be visualized in MR image. Indeed,
previous researchers have reported that the soft
tissues surrounding teeth and saliva retained in the
mouth allow for indirect visualization of tooth
crowns.''* However, these studies have been done
for canines and molars. Thus, future study should
examine the feasibility of the method for the central
incisor in the midsagittal dimension.

With regard to the contrast medium in MRI, the
paramagnets of Gd*, Fe®*, and Mn?" have a positive
contrast-enhancing effect.’®'®'® FAC, which includes
Fe®*, has been shown to have high signal intensity in
MRI."® However, FAC dissolved in water is acidic, has
an unpleasant iron-metallic taste, and is in liquid form.
Our method enabled us to neutralize FAC, improve its
flavor, and eliminate the need for the subject to hold
the liquid form of FAC inside their mouth for tooth
visualization, which would otherwise cause undesired
tissue reactions and be unpleasant for the subject.
Furthermore, all of the low-cost materials in the
contrast medium are used in daily food ingredients,
and their safety is ensured by the concerned author-
ities. These advantages suggest that this method may
also be effectively and easily applied in other scientific
fields.

Landmarks on the forehead, nasal root, nasal tip,
and points along the cranium that were used for
superimposition of the upper incisor were all stable
because they did not move together with the lower jaw
during speech. Furthermore, the upper incisor is
embedded in the upper jaw and anatomically connect-
ed to the frontal and nasal bone in the cranium.
Therefore, the position of the upper incisor was in a
direct relationship to those landmarks. On the other
hand, the soft tissue around the mouth moves together
with the lower jaw during speech. Thus, the landmarks
on the soft tissue around the mouth could not be used
for superimposition, but the symphysis was used in the
final step for superimposition of the lower incisor onto
the image.

Tooth visualization and superimposition in this
preliminary study were used to observe articulatory
movement during the articulation of a fricative /s/ and a
plosive /t/. The fricative /s/ is produced by forcing air
through a narrow channel in the vocal tract toward the
edge of the incisor. The incisor acts as an obstacle to
airflow, and thereby plays an essential role in the
generation of turbulence in fricatives.?® For the plosive
/t/, it has been reported that complete closure across
the anterior palate is attained.?’ Our study also
revealed that there was a significant amount of tongue
to palate/incisor contact in the front region during
maximum constriction in /t/. Moreover, we found that /t/
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was associated with a narrower front oral cavity than
/s/, which is probably due to the closure needed to
produce /t/. The present finding was consistent with
findings in previous studies and further demonstrated
the meticulous spatio-temporal relationship among
articulators during the production of /asa/ and /ata/.

CONCLUSIONS

« A clear incisor boundary can be extracted in MR
image by using a retainer with space filled with a jelly
form of FAC.

« The superimposition of an incisor onto an MRI movie
image enabled a more detailed observation of the
front oral cavity during the production of a fricative
and a plosive.

« This technique may be useful in further studies to
evaluate spatio-temporal relationships among artic-
ulators during speech in subjects with malocclusion,
such as open bite.
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