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Abstract—Color Doppler imaging (CDI) was used to identify the morphology of vocal folds (VF) and to
quantify the tissue horizontal displacement velocity (HDV) in the vibrating portion of VF. Mucosal HDV
that gives an estimate of the stiffness of the VF cover is very important clinically. The VF and its cover were
shown to be very hypoechoic and not adequately visible in B-scan image. However, in this study, we found
that the structure of the true VF, especially the mucosa and the superficial layer of the lamina propria, the
so-called “cover,” can be easily identified and evaluated using CDI. The mean VF displacement velocity was
measured by decoding the pseudocolor codes of the ultrasound (US) image at the vibrating sites. The
mucosal mean HDV obtained from 10 normal men of age 34 8 years phonating at their most comfortable
pitch and intensity (98 = 12 Hz, 55-65 dB) was about 68 10 cm/s, which agreed reasonably with the
literature. Therefore, the CDI could be used as a potential tool for assessing the phonation function in the
larynx nonintrusively. (E-mail: ywshau@spring.iam.ntu.edu.tw) © 2001 World Federation for Ultrasound

in Medicine & Biology.
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INTRODUCTION the Reinke’s space. The body consists of vocal ligament
and vocal muscle. Functionally, the vibration of VF is
confined mainly to the cover and the mucosal wave is

chek 1998). The true vocal folds (VF) and the vocal propagated vertically from the lower to the upper margin

muscles appeared as hypoechoic structures that could nof)f the VF (Titze 1988; Titze et al. 1993). The vertical

be adequately visualized in US scanning (Raghavendramucosal traveling wave is the summation of sequential
et al. 1987). Morphologically, the use of B-mode US is horizontal tissue displacement waves from the infraglot-

not superior to other imaging techniques, such as CT or tic to the suprgglottic extent of.the VF structure (Fig. 1).
MRI in visualizing laryngeal structures, especially the BOth the vertical and the horizontal waves can be ap-
true VF (Miller and Nemechek 1998). Therefore, the Us Proximated by sine waves.
studies of phonation function have been limited (Hertz et 1 n€ stiffness of the VF cover has been found to play
al. 1970; Schindler et al. 1990). an important role in the formation of the mucosal wave

The vibration of VF periodically interrupts the glot- @nd the laryngeal phonation function. Seveiralvivo
tal airflow and forms the acoustic signal that is perceived Methods have been designed to measure human VF stiff-
as the voice (Hirano 1975). Due to its unique multilay- N€SS or elastic modulus directly by tagging the VF cover
ered structure, the VF can be divided into the “cover” (Tran et al. 1993; Tanaka and Hirano 1990). Some au-
and the “body” (Hirano 1974). The cover includes mu- thorsinstead measure the displacement velocity, which is
cosa and the superficial layer of lamina propria, called the horizontal component of the mucosal wave velocity,
using a laryngoscope to estimate the stiffness indirectly
(Nasri et al. 1994; Hanson et al. 1995). However, these
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not reveal the underlying VF structural properties. There-
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pei, 106, Taiwan. E-mail: ywshau@spring.iam.ntu.edu.tw fore, their application in routine clinical examination was

Clinical application of ultrasound (US) imaging has not
been widely accepted in laryngology (Miller and Neme-
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Fig. 1. Schematic diagram for showing the cover-body and
vertical-horizontal wave of vocal fold vibration.

somewhat restricted. It is apparent from previous studies

that the mucosal vertical wave velocity (VWV) is posi-  cover

tively related to the stiffness of the VF (Titze 1988) and
is linearly proportional to the tissue horizontal displace-
ment velocity (HDV) (Berke 1992). Therefore, the mea-
surement of HDV can be used to estimate the VWV and

vocal
ligament

Ultrasound

vocal
muscle

then to predict the VF stiffness (Nasri et al. 1994).

The aim of this study was to find an vivo, non-
invasive method to quantify the human laryngeal struc-
tural function with minimum disturbance using a com-
mercially available US system. Color duplex sonography
has been widely applied in clinics in recent years. The
system uses Doppler effect to reveal the velocity of
blood flow or tissue motion toward or away from the rig 2. schematic diagrams of the US transducer’s position and
scan head. A pseudocolor velocity map is placed on top direction. (a) Horizontal view of the vocal folds; (b) coronal
of grey-scale images to show the mean velocity locally view of the vocal folds.

(Ferrara and DeAngelis 1997; Hoskins and McDicken

1997). By using color Doppler imaging, the mean veloc- ) .

ity of tissue displacement in the VF cover area can be HZ in B-mode. In the color mode, the pulse repetition

measured. In this study, we first verified the morphologic até was 10,000 Hz, and the measuring velocity range
appearance of VF in the B-mode image. Then, we ap- Was set at 0 to 128.3 cm/s with maximum scale and

plied the color mode to identify the VF vibration patterns baseline offset that resulted in a frame rate of about 7 Hz.
and measure the corresponding mucosal HDV. The viewing window of depth 4.8 cm was high enough to
detect the vibratory part of the VF in most of the cases.

The US scanner was placed both horizontally and coro-
nally (Fig. 2a and b, respectively).

The study was performed with a commercially In B-mode scanning of the VF, the US transducer
available, high-resolution US scanner (HDI-5000, ATL, was placed on the anterolateral aspect of the neck. For
Bothell, WA) with a 5-12-MHz linear-array transducer the horizontal view, US scanner was placed in the middle
(L12-5 38 mm, ATL). To visualize the VF structure at a of the thyroid lamina on one side because the true VF lay
depth of up to 4 cm, the frame rate was typically 15-24 on the plane at this level. The interface between the true

MATERIALS AND METHODS
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VF mucosa and the air column in the larynx can be
identified as a hyperechoic line. For the coronal view, the
scanner was placed vertically at the anterior junction of
VF, which is about one fourth of the thyroid cartilage
lamina. The midportion in anteroposterior dimension of
VF was about the location where VF vibrated at the
maximal excursion (Isshiki 1989).

Three women receiving laryngomicrosurgery for
the removal of unilateral VF polyps were examined to
verify the morphology of the true VF in this ultrasonic
study. Under general anesthesia through endotrachea
intubation, a metallic instrument used regularly in the
microsurgery was placed at the lumen side of the normal
VF as US landmark (Fig. 3). The microsurgical instru-
ment was moved back and forth to show the true VF in
the B-scan images. (a)

Ten men, aged 34 8 years (range 24-50 years)
without any history of voice disorder were involved in
the mucosal HDV study. During US scanning, they were §
in sitting position and were asked to utter a sustained &&
vowel “aa” that corresponded to the individual's most
comfortable pitch. The fundamental frequency of the
voice was recorded on tape and measured on site with a
digital oscilloscope (TDS-224, Tektronix, Wilsonville,
OR) equipped with a fast Fourier transform (FFT) mod-
ule (TDS2MM). The fundamental frequency measured
for the utterances “aa” ranged from 9812 Hz. For the
HDV measurements at a comfortable intensity, the sub-
jects were asked to give a sustained vowel with the mean
sound pressure level (SPL) kept at about 55—-65 dB that
was measured at about 20 cm away from the mouth. The
US B-scan was carried out first to locate the true VF, and
then the machine was shifted to color mode for the tissue R

measurements were taken for analysis in each subject.GEEE
Because the direction of HDV is parallel to the US
scanning line in the coronal section, one can obtain the
HDV directly from the color of the pixels at the area of
true VF cover.

The RGB (red, green and blue) codes given by the
velocity color-bar of CDI were first analyzed. The red
code value R) was found ranging from 57 to 239 with a
second order relation to the velocity (Fig. 5). After de-
coding the red colorR) of the CDI pixels in the vibrating
portion of VF, the movement velocitie¥Y were calcu- (c)

lated by fittingR-value on the regression line:
Fig. 3. (a) The identification of the structure of the vocal fold
cover was performed in the B-scan by using the metallic
V =0.0017R?>+ 0.2082R — 19.263. Q) instrument contacting the right vocal fold free margin as a
contrast (arrow). (b) In the horizontal section, the cover of the
vocal fold was a hypoechoic band. The structure was verified
The HDV value can be determined from the maximal by the metallic comet-tail shadow (arrow). (c) In the coronal

velocity in the vibrating portion of VF that was averaged Section, the cover was identified as a hypoechoic area and it
over the 20 frames recorded was also verified by the metallic shadow (arrow).



1038 Ultrasound in Medicine and Biology Volume 27, Number 8, 2001

B e noorrrar el ek 140 ' V=0.0017R? + 0.2082R - 19.263

Map 1 s T et 120 F
150dB/C4 1

Persist Med
Fr Rate High

100 F

[o.e]
(e}
Y

60

Velocity (cm/s)

SRS
L v

0 50 100 150 200 250 300
Red Code Value (R)

o

Fig. 5. Calibration curve for the vocal fold displacement ve-
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applying Doppler spectral analysis to the motion in this
area, the pitch of the spectral acoustic signals was per-
ceptually indistinguishable from the uttering vowel.

As soon as the US system shifted to the color mode,
there were very strong color signals in the vibratory area
of VF during phonation (Fig. 4a and b). The pseudocolor
signals appeared not only in the cover area of VF, but
also in the adjacent region where the vibration waves
spread out. When the voice ceased, either in Valsalva
status or in quiet respiration position, the color signals
disappeared immediately. The Doppler signals appar-
ently came from the fluctuations of VF cover toward or
away from the US scan head. After decoding the color

(b) signals, the HDV was about 68 10 cm/s in the 10 men
Fig. 4. Color Doppler images of vocal fold vibration in (a) Phonating at their most comfortable pitch and intensity.
horizontal plane and in (b) coronal plane. The vibratory motion

of the mucosa-air column interface generates the color artifact DISCUSSION
patterns underneath.
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Phonation is one of the major functions in the larynx.

This process involves the vibration of VF that modulates
RESULTS the glottal airflow into voice (Hirano 1975). The VF is a

L . multilayered structure anatomically, and can be divided into

Under ge_neral anesthesuf;\_ n Iaryngomprosurgery, a cover and a body functionally. The cover is much more

_the VFs were in the lateral posm_on. By attaching a metal pliable than the body and is the main vibratory portion of

!nstru_ment to the V- free_margm, the cover of VF was the VF (Saito et al. 1983). For an elastic medium, the
identified as a hypoechoic band medical to the vocal travelling were velocity (TWV) is correlated directly to its

ligament and vocal_lmuscl_(?_ '2 tge Br;scebnsmage. Th_||s stiffness or elastic modulus and is inversely proportional to
structure was easily verified by the comet-tail o\ ass density (Berke 1992).

shadow that is commonly seen in US images for metallic
objects (Fig. 3b and c). S

In the real-time B-scan of VF, the adduction and TWV = \/AY )
abduction motion of VF reflected on the movement of P
arytenoid cartilages and vocal ligaments. Again, the
cover of VF was not clearly visualized in the US images. whereAY is the change in elastic modulus gnid the mass
During the utterance of the sustained vowel, a slow density. Therefore, the stiffness of the cover is the key
wave-like movement was observed in the cover area. By factor that affects the formation of the vibratory mucosal
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wave. Although the propagation velocity of the mucosal either. Miles (1989) also demonstrated the VF movement
wave has been recognized to be a significant element in theby showing US images of vocal ligament in B-mode and
diagnosis and treatment of laryngeal disorder, it is often M-mode scanning. Apparently, the VF cover cannot be
neglected in laryngology due to the lack of nonintrusive easily differentiated from its surroundings in the B-mode
diagnostic technique. Moreover, it is extremely difficult to morphological image. In the current study, we placed a
measure VF stiffness in awake humans, especially duringmetallic microsurgical instrument contacting the lumen
their normal phonation. So fan vivo measurement of VF  side of the VF as the US contrast to appreciate the cover
stiffness or elasticity can only be madia invasive meth- structure. As our results revealed, the cover was almost

ods (Tran et al. 1993; Tanaka and Hirano 1990). nonechogenic and could not clearly visualized under
The human VF vibrates in complex three-dimen- normal circumstances.
sional (3-D) wave patterns. As the VF vibrates, the The VF vibration is confined largely to the cover,

vibratory tissue oscillates separately on its horizontal butthe VF cover is not adequately visible in the B-mode
plane, and the vertical mucosal wave travels from the image. Itis, thus, difficult to study the VF vibration using
infraglottic to the supraglottic margin of the VF structure conventional US imaging. Moreover, for the vibration
and spreads to the adjacent tissues. Based on Hirano’srequency as high as several hundred Hz, to quantify the
body-cover theory (Hirano 1974), the stiffness of the VF VF uttering vibration with US is generally not acceptable
was contributed by both the extrinsic longitudinal ten- in the previous reports. Hertz et al. (1970) traced the
sion on the cover and the internal stiffness of the under- continuous movement of vocal ligament during VF vi-
lying body.In vivocanine experimental evidence showed bration with an M-mode-like design, and the echo trace
that the mucosal muscular tension, VF stiffness and was similar to photoglottography. Schindler et al. (1990)
VWV were well correlated (Titze et al. 1993), and the used a Doppler US flowmeter to detect the VF vibration
VWYV ranged from 0.9 to 1.6 m/s and was linearly related velocity in terms of frequency shift; the Doppler fre-
to HDV (Sloan et al. 1993). quency was found to vary from a few hundred Hz to
Nasri et al. (1994) developed a videostroboscopic sys- 8000 Hz in the range of audible frequency. In our study,
tem to visualize the upper edge of the VF in the canine the frame rate of B-mode scan was about 15-24 Hz,
larynx without touching the VF. The levels of phonation depending on the 2-D scanning line density. With appro-
were controlled by stimulating the dog’s superior and re- priate focusing, the real-time US display of VF vibration
current laryngeal nerves. To calculate the HDV, the VF showed a slow wave-like motion at the cover area. This
surface displacement, given by the two video images takenmotion observed in B-mode was actually the “strobe
at the most open and the most closed positions, was dividedmotion” of the VF movement during phonation.
by the time interval. Assuming that the dog’s VF mass In the present study, CDI was used to visualize the
density was 1 g/cfythe HDV calculated was about 0.32to  structural characteristics of the larynx, and it provided an
1.0 m/s and the VWV ranged from 0.76 to 2.2 m/s. The excellent tool to visualize the tissue movements over a
HDV was shown to correlate linearly with mucosal travel- large area (Ferrara and DeAngelis 1997; Hoskins and
ing wave velocity. Therefore, the HDV may be used to McDicken 1997). Mostly this technique was used to
reflect the voice disorder associated with the change of study the blood flows of vessels over a certain region.
mucosal stiffness or mass density. However, McDicken et al. (1992) applied CDI to inves-
For VF during phonation, the vibrating frequency tigate the myocardial contraction velocity. Using a sim-
typically ranges from about 70 to 500 Hz in men and 150 ilar idea, elastographic imaging is being developed and
to 1000 Hz in women (Hirano 1981); the frame rate of aimed to differentiate the various biomechanical at-
the commercially available US systems is still not able to tributes of tissues (Ophir et al. 2000).
catch up with the VF movement in real time. However, Baken and Orlinkoff (2000) conducted an extensive
there have been a few reports that used US imaging toreview of the clinical measurements of phonation func-
demonstrate the morphology, movement and vibration of tion associated with the voice disorder. In the literature,
the VF. In the study by Raghavendra et al. (1987), the Ooi et al. (1995) applied the CDI qualitatively to identify
vocal muscles were hypoechoic structures and the vocalvocal cord palsy based on the asymmetry of image pat-
ligaments were echogenic bands that appeared as frederns. Friedman (1997) applied B-mode US to the diag-
margins of the VF. In their study, the adduction and nosis of vocal cord paralysis in infants and children. In
abduction movements of the bilateral vocal ligaments this study, we used CDI to estimate the VF stiffngss
and the arytenoid cartilages were identified during nor- the measurement of HDV of the VF during phonation.
mal breathing using US. However, the true VF could be The vibratory motion of the mucosa-air column interface
visualized in only two thirds of the women and in less generated a strong colored US artefact at the cover area
than half of the men whose mean age was about 25. Theof the VF during utterance. The color signals were ag-
cover of VF was not visible in the B-mode imaging, gregated in the cover and the adjacent area, where the
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