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ABSTRACT

Phonatory control by laryngeal movement is discussed by
summarizing our two previous studies regarding the role of
vertical larynx movement based on magnetic resonance imaging
(MRI) observation. The first study focuses on a fundamental
frequency (F0) control mechanism involving vertical larynx
movement. Mid-sagittal images were recorded during vowel
productions with a descending musical scale. Successive
display of the images demonstrated larynx lowering along
forward convexity of the cervical spine. This movement
produces a rotation of the cricoid cartilage to shorten the vocal
folds because the posterior plate of this cartilage moves almost
parallel to the spinal convexity. This F0 lowering mechanism by
larynx lowering provides a possible physiological account for
the phenomenon that low tones tend to be associated with low
larynx positions. The second study deals with a voicing control
mechanism for consonant production. Mid-sagittal images were
recorded by motion imaging techinique during repetitions of
CVCV words such as [tata] and [tada]. The measurement of
cricoid cartilage position indicated that larynx position was
lower in voiced stop [d] than in voiceless stop [t]. Since larynx
lowering during voiced obstruents permits airflow from the
glottis with a closed vocal tract, it accounts for a mechanism of
consonat voicing. This finding along with the result of the first
study accounts for acoustic features of CV syllables such that
the vowels tend to have lower F0 and formant frequencies when
they follow voiced consonants.

1. INTRODUCTION

Vertical larynx movement during phonation has been studied by
X-ray observation (Moeller & Fischer, 1904; Curry, 1937;
Chiba and Kajiyama, 1941). A number of researchers have
attempted to explore causal mechanisms of vocal effect by
vertical larynx movement (e.g., Sonninen 1956, 1968; Zenker,
1964). Later, EMG studies revealed that one of the extrinsic
laryngeal muscles is active in F0 lowering (Ohala & Hirose,
1970; Simada & Hirose, 1970). Therefore, larynx lowering is an
active maneuver to adjust laryngeal function. However, how
larynx lowering contributes to shortening the vocal folds has
never been clarified. Recently, Hirai, Honda, Fujimoto, et al.
(1994) and Honda, Hirai, Masaki, et al. (1999) measured the
change in laryngeal configuration during vowel production on a
descending musical scale. Their main finding was a mechanism
for rotating the cricoid cartilage by means of vertical larynx
movement and cervical lordosis.

Larynx position is also known to vary between voiced and
voiceless consonants. Stevens (1999) proposed an account for
voiced obstruents to have a lower F0. He pointed out that
downward movement of the larynx plays important roles  for

lowering F0 of vowel after voiced stop and for allowing glottal
airflow during stop closure to maintain vocal fold vibration. If
this is the case, the above-mentioned F0 lowering mechanism can
account for lower vowel F0 in the syllables with voiced
obstruents. Masaki, Tiede, Honda, et al. (1999a) examined such a
mechanism using an MRI motion imaging technique to record
vertical larynx movement during two Japanese word utterances
[tata] and [tada]. They found that the larynx position is lower for
voiced stop [d] than for voiceless stop [t].

This paper summarises the above-mentioned MRI studies, and
discuss a few physiological issues related to the vertical larynx
movement during phonation.

2. METHOD

2.1 Experiment 1

To record larynx positions at phonating in different F0,
midsagittal MRI scans were performed using a Shimadzu SMT-
100GUX (1.0 [T]). Three male subjects produced 12 repetitions
of sustained vowel [a] according to a descending musical scale
from 262 Hz to 87 Hz. The subjects listened to a guide tone for
each target F0, and then initiated the vowel. For each vowel
production, a mid-sagittal image was recorded using a standard
spin-echo method. With the obtained images, manual tracings
were performed to extract visible outlines of the tongue,
mandibular symphysis, hyoid bone, thyroid cartilage, cricoid
cartilage, and cervical spine. To do so, the outline of the objects
was traced from one of the clear images, and then the tracings
were fitted on other images by rotation and translation.

Figure 1: Examples of MR images and tracings of rigid
structures for the highest and lowest tones. (H: hyoid  bone, T:
thyroid cartilage, C: cricoid cartilage)

Figure 1 shows an example of the images with tracings for one
speaker (KH). The left is the data for the highest tone (262 Hz)
and the right is for the lowest tone (87 Hz). The straight line
marks the inferior border of the cricoid cartilage, indicating a
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rotation of this cartilage. All the tracings were grouped into two
data sets, one for the high and the other for the low F0 range.

2.2 Experiment 2

To record larynx position during voiced and voiceless
consonants, MRI motion imaging was  performed using the
same MRI scanner. Speech materials were two Japanese
meaningful words, [tata] (“many”) and [tada] (“merely”). The
both words have a high-to-low pitch accent pattern. Subjects
were three male adults (NK, KH, and SM).

The MRI motion imaging technique is based on clinical cardiac
motion imaging. Employing an external trigger device for
performing synchronized scans, this method enables us to
visualize dynamic articulatory movements during speech
production (Masaki, Tiede, Honda, et al., 1999b). For each
trigger pulse, the field echo scans are repeated 37 times every
25 ms. The timing tone bursts, which are synchronized with the
scan trigger pulses, are presented to a subject through a loud
speaker to facilitate the subject to maintain a constant rhythm of
word repetitions.

Figure 2: MRI of two subjects, NK (left) and KH (right) at a
frame before the release of the second [t] in [tata]. The cross-
bars indicate the measurement point.

Figure 2 shows examples of obtained MR images with a
landmark for measuring vertical larynx displacement. In this
study, the bottom of the bright contour observed on the posterior
plate of the cricoid cartilage was used as a landmark for
measurement. The bottom of the intervertebral disc between the
sixth and seventh cervical vertebrae was chosen as a reference
for the measurement.

3. RESULT

3.1 Vertical Larynx Movement during F0
Lowering

Figure 3 shows tracings for the three subjects (KH, SM, and YS)
in two groups for six high tones (262 Hz to 165 Hz) and six low
tones (147 Hz to 87 Hz). The arrows in the figure indicate the
direction towards a lower F0. As F0 decreases, the jaw opens,
and the hyoid bone moves  backward and then downward. The
laryngeal cartilages move downward monotonically in the low
F0 range. The movement patterns are consistent across the

subjects. Generally, the extent of movement is smaller in high F0
than in low F0.

Figure 3: Movements of the cervical spine, jaw, hyoid bone and
laryngeal cartilages in high tones (left) and low tones (right). The
arrows (L) indicate the direction of displacement along with a
descending scale.  The dashed lines show orientation of the
cricoid cartilage.

Subject KH in Fig. 3(a) shows little curvature in the whole
cervical spine (C2 - C7). Lordosis  is only seen at the bottom of
the cervical spine (C7 and T1). In high tones, the jaw and hyoid
bone move slightly backward, and vertical larynx movement is
small. In low tones, the jaw and hyoid bone move slightly
downward, and the laryngeal cartilages demonstrate a large
descent. The cricoid cartilage rotates as it lowers, which seems to
be facilitated by the change in the degree of cervical lordosis.

Subject SM in Fig. 3(b) shows gradual arch-like lordosis at the
level of the larynx (C5 - C7). In high tones, the hyoid bone moves
backward, while the laryngeal cartilages maintain a constant
position. In low tones, the jaw, hyoid bone, and larynx show a
large downward displacement. The rotation of the cricoid
cartilage along the cervical spine is also evident.

Subject YS in Fig. 3(c) also shows cervical lordosis at the level of
the larynx (C5 - C7). In high tones , hyoid bone moves backward,
and the larynx moves downward. In low tones, all of the



structures of the jaw, hyoid bone, and laryngeal cartilages show
a large downward movement. The cricoid cartilage rotates as it
moves along the lordosis. The cervical spine also shows a small
change in the degree of convexity.

3.2 Larynx Displacement in Voiced and
Voiceless Obstruents

Figure 4 shows the vertical displacements  of the larynx for [tata]
and [tada] utterances for three subjects. The time functions of
the y-coordinate of the landmark on the cricoid cartilage are for
[tata] and [tada]. Two vertical broken lines indicate the instance
of the release for [t] and [d] productions.

Figure 4: Vertical laryngeal displacement during [tata] and
[tada] for the three subjects.

Figure 4(a) shows the data for KH In these two words, the
larynx started rising at the word onset and lowering at the
release of the second consonant. The difference in vertical
larynx positions was observed between the two words in the
time segment from 400 ms to 800 ms of this time axis. In this
period, the larynx position was lower for [tada] than for [tata].
The maximum difference was more than 2 mm at 650 ms.

Figure 4 (b) shows data for NK. This subject also showed the
similar pattern of vertical larynx movements: rising at the word
onset and lowering near the release of the second consonant. In
this subject, larynx position tended to be lower for [tada] than

for [tata] for the entire period of the utterances. In [tada], an
abrupt lowering was observed immediately after the release of [d],
which resulted in the maximum difference in larynx position
between the two rods by more than 5 mm at 650 ms.

Figure 4 (c) shows the result for SM. This subject also showed
the upward displacement for the onset of the production and
downward displacement near the release of the second stop
consonant. In this subject, the difference in vertical larynx
position between [tata] and [tada] is the smallest among the three
subjects. However, the difference in larynx position was also
observe near the release of [t] or [d] in the second syllable. The
maximum difference was about 2mm at 700 ms.

4. DISCUSSION

4.1 F0 Control by Extra-Laryngeal
Mechanisms
The above results suggest two  mechanisms of the extrinsic
control of F0, as depicted in Fig. 5. In the high F0 range, the
hyoid bone moves horizontally (Fig. 5(a)). The forward
movement of the hyoid bone facilitates rotation of the thyroid
cartilage for raising F0 (Honda, 1983). In the low F0 range,
vertical movement of the larynx is observed along the cervical
spine (Fig. 5(b)). The larynx lowering causes rotation of the
cricoid cartilage along the cervical lordosis. Thus larynx lowering
contributes to vocal fold shortening and relaxation.

Figure 5: Horizontal (a) and vertical (b) components of the
mechanisms of extrinsic F0 control.

(a) In high tones, the hyoid bone
     moves horizontally to facilitate
     the rotation of the thyroid cartilage.

genioglossus
& geniohyoid

(b) In low tones, the whole larynx moves vertically
     to rotate the cricoid cartilage along the cervical
     lordosis (spinal curvature).
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The observation of vertical movement of the larynx and its
effect on the cricoid cartilage is consistent with the main result
of the previous study by Hirai, et al. (1994). Since the cricoid
cartilage moves up and down with its posterior plate facing the
anterior convexity of the cervical spine, vertical movement of
the larynx results  in the rotation of the cricothyroid joint. Since
vertical larynx movement is larger in the low F0 range than in
the high F0 range, larynx lowering offers an effective F0
lowering mechanism in the F0 range where the action of the
cricothyroid muscle is no longer valid.

The MRI data also indicate a subtle change in the form of the
cervical spine. Near the highest F0, the cervical spine changes
its curvature behind the cricoid cartilage. This backward
bending of the cervical spine appears to facilitate backward
rotation of the posterior plate of the cricoid cartilage. Contrarily,
in the low F0 range, enhanced cervical lordosis helps rotate the
cricoid cartilage to shorten the vocal folds. Consequently,
regional change in cervical spine shape contributes  to a fine
adjustment of F0.

5.2 Vertical Larynx Movement for Voicing
Control

Vertical larynx movements were measured using MRI motion
imaging technique recorded during production of Japanese
words. In the results, larynx position was higher for voiceless
stop [t] than for voiced stop [d], This observation suggests a
mechanism of maintaining glottal airflow during glottal closure
for voiced stops, consistent with Stevens (1999). In voiced stop,
vocal fold vibration must be maintained with a closed vocal
tract. To do so, the vocal tract needs to expand using certain
articulatory maneuvers, such as larynx lowering, or jaw
lowering. Our result described above shows evidence that
larynx lowering contributes to maintaining glottal airflow
during voiced stop.

The larynx lowering in the syllable with voiced stop was not a
rapid movement but rather a slow articulatory maneuver. The
difference in larynx height was also maintained in the following
vowel. Therefore, the vocal tract is longer for the CV syllable
with [d] than that with [t], suggesting a slight difference in
vowel formant frequencies between these syllable. Presumably,
this contrast reflects an articulatory effort to raise intraoral
pressure for producing voiceless obstruents on the one hand and
from a phonatory requirement to maintain transglottal airflow
for producing voiced obstruents on the other.

The effect of the slow articulatory component involved in
voiced and voiceless distinction may also be reflected by the
difference in vowel F0 between these two CV syllables. The
time functions of the measured larynx position indicate that the
larynx descends before the release of [d] closure in all three
subjects. Since the both words had a high-to-low pitch accent
pattern, a rise and fall F0 pattern would be expected according
to the F0 control mechanism described above. Thus, larynx
lowering in the syllables with [d] can account for the
phenomenon that F0 tends to be lower in voiced obstruents than
in voiceless ones (Haggard, Ambler, & Callow, 1969).
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