EREE R EEELE E A
A 2

244 A23 2013

Development of Two-Dimensional Scanning Videokymography
for Analysis of Vocal Fold Vibration
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= Abstract =

Objectives : We developed two-dimensional (2D) scanning videokyomography to evaluate the mucosal wave of whole vocal
cords in real time to overcome the limit of preexisting stroboscopy and line scanning videokymography which could not eval-
uate it. Methods : We implemented a continuous light source with high brightness, a high-definition CMOS camera, and cap-
ture board for saving the data. We created the software program to analyze the image data from the system. The test of the func-
tionality of the 2D scanning videokymography camera was performed in one of the authors (P.H.J 32 years old male). Vocal
cord images were obtained during normal phonation and falsetto phonation. Images were obtained also during cough, diplo-
phonia. Results : The system made it possible to measure objective parameters, including fundamental frequency, amplitude,
regularity, mucosal wave, and phase difference, medial and lateral peak, opening versus closing duration related to vocal fold
vibration. Simultaneously, it enabled analysis of the whole mucosal wave of the entire vocal fold in real time. 2D scanning vid-
eokymography was also effective for evaluating the dynamic status of the vocal fold when the subject phonated aperiodic
voice. Conclusion : In conclusion, 2D scanning videokymography can support the analysis of the whole mucosal wave of the
entire vocal cord with objective vocal parameters, overcoming the limitations of stroboscopy and previous line scanning video-

kymography techniques.
KEY WORDS : Videokymography - Vocal fold - Vibration.

Introduction

Because the human voice is produced through vibration of
the vocal cords during the exhalation of airflow, it is impor-
tant to observe the vibration pattern of the vocal fold in pa-
tients complaining of voice changes. However, it is not easy
to observe the actual vibration pattern of the vocal fold be-
cause it vibrates so fast that it cannot be observed by the na-
ked eye and it is located deep in the throat. Recently, with
advances in instruments, including laryngoscopes and video
camera systems, the vibration pattern of the vocal fold can
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now be observed. However, considering that present video
camera systems can detect 30—60 images per second and the
vocal fold vibrates at 100—300 and 100—400 times per sec-
ond in men and women, respectively, it is not possible to re-
cord the vibration of the vocal fold in real time. To overcome
this limitation, a laryngeal videostroboscopy, which con-
verts fast movements of the vocal fold into slower images,
has been developed. However, use of a laryngeal video stro-
boscope does not show the actual pattern of the vibrating
mucous membrane of vocal fold, but rather shows the vibrat-
ing mucous membrane through an optical illusion. Also, a
stroboscopic examination cannot be performed in patients
with aperiodic vocal fold vibration.”

Although high-speed video laryngoscopy have been devel-
oped to observe the actual movement of the vibrating mucous
membrane in real time, these systems have not been used
widely, because of several limitations. It takes a long time to
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save the captured images to a video file and the recording
times of these systems are relatively short. It is also impossi-
ble to obtain synchronized voice feedback from the data and
the price of equipment is very expensive.” In 1996, Svec et
al. invented line scanning videokymography, which could be
used to observe spatiotemporal images on the fixed horizon-
tal line of the vocal fold with a high cycle resolution of 8000
frames per second.” This device was cheaper than previous
high-speed video laryngoscopy, and it also provided useful
information for patients with aperiodic vocal fold vibration,
including the absence of vibration, cycle to cycle variability, du-
ration of glottal closure, left-right asymmetry, shape or medial
and lateral peak, the laterally traveling mucosal wave, open-
ing versus closing duration, and interference with the vocal
folds from the surroundings.** However, it could not be used
to observe the whole movement of the entire vocal fold, only
supporting information of the vibrating movement on the fixed
line of the vocal fold. It was also difficult to determine the dis-
tortion caused by patient movement during examination. Al-
though multi-line videokymography, which can process im-
ages captured from a high-speed video laryngoscopy, was
recently invented to overcome the limitations of line scan-
ning videokyography, but it is also still impossible to observe
the entire movement of the whole vocal fold membrane si-
multaneously.”

To overcome these limitations of previous methods, we de-
veloped a new videokymography system for two-dimension-
al (2D) analysis of the whole vocal fold membrane. Because
2D scanning videokymography can observe the real vibra-
tion pattern of the whole vocal fold, distortion problems pre-
viously observed with line scanning videokymography can
be avoided. Quantitative parameters related to vocal move-
ment can be abstracted from the images, which are captured
and saved to a video file by software. We introduce the charac-
teristics and possibilities of the 2D scanning videokymogra-
phy system.

Materials and Methods

1. Subject

The test of the functionality of the 2D scanning videoky-
mography camera was performed in one of the authors
(P.H.J 32 years old male). Vocal cord vibrations images were
obtained during normal phonation and falsetto phonation.

2. Components of the 2D scanning videokymography
system
Full HD CMOS(complementary metal oxide semiconduc-

Fig. 1. A full HD CMOS camera was used to make a 2D scanning
videokymography system.

tor) image sensor camera was modified in cooperation with
HEEAN Co. LTD (Korea) and rigid laryngoscope (Storz, 5.8
mm 8700 CKA, Germany) and A 300-W xenon light source
(Storz, NOVA 300 Germany) was used to observe the entire
vocal folds (Fig. 1). The system was designed to be able to re-
cord the image at full HD (1,920%1,080 pixels) with 30 frames
per second. In the study, we used a modified full HD CMOS
camera system with a rolling shutter image sensor to invent
a new videokymography system. This image sensor captures
image lines of the entire frame sequentially from the superi-
or to the inferior portion. The 2D scanning videokymography
was developed by allowing temporally different line images
among captured frame images. The images of 2D scanning
videokymography were displayed in fixed form or moved up
and down according to the change in pitch; this was a kind of
aliasing phenomenon.

3. Parameters observed

Various vocal parameters were observed using 2D scan-
ning videokymography: fundamental frequency (F,), muco-
sal wave, symmetry of amplitude and phase, opening versus
closing duration, shape of medial and lateral peak, non-vibra-
tion portion, and cycle aberrations(presence of aberration, rip-
ple, double medial peak, medial unsmoothness).

Results

1. 2D scanning videokymography image

In a normal adult male, 2D scanning videokymography
was performed during modal phonation and falsetto phona-
tion (Fig. 2). Although the periodic vibration of the vocal fold
was displayed variously (fixed or upward and downward),
images of the opening, open, closing, and closed phases were
displayed on a monitor constantly, as with previous line scan-
ning videokymography. Especially, as the phase proceeded
to the closing phase, the distinction between the superior and
inferior borders of the vocal fold was observed clearly same
as a previous line scanning videokymography.
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2. Measurement of fundamental frequency(Fy)

The fundamental frequency could be calculated as the en-
tire length of the screen divided by the length of the open
and closed phases, multiplied by the number of frames per
second (the value of 30). In Fig. 3, T indicates the entire length
of the screen and T indicates a cycle of vocal vibration. Ac-
cordingly, the fundamental frequency could be expressed by
the formula: Fundamental frequency (Fo)=(length of T/length
of T0)x30 Hz. Thus, the fundamental frequency in Fig. 3 can

Fig. 2. These images were captured through 2D scanning video-
kymography during modal phonation in left side and falsetto
phonation in right side. The distinction between the superior (b)
and inferior borders (a) of the vocal cord could be observed
clearly.

To=1.5cm T=10.5cm

Fig. 3. Fundamental frequency can be calculated as the entire
length of the screen divided by the length of the open phase
and close phase, multiplied by the number of frames per second
(i.e., 30).

be calculated by applying the formula above: F;=10.5 cm/1.5
cmX30 frame=210 Hz.

3. The clinical usefulness of 2D scanning
videokymography
The mucosal wave of the vocal fold could be observed using

Fig. 4. The mucosal wave of the entire vocal fold could be evalu-
ated in real time. Because the 2D scanning VKG showed the
dynamic images of the whole vocal fold in temporally different
lines, it was better to evaluate the mucosal wave of the vocal fold.

Fig. 6. Shapes of the medial and lateral peak could be evaluat-
ed using the 2D scanning videokymography images. This image
can be obtained during vocalization or coughing.

Fig. 5. A : Symmetry of amplitude
and phase could be evaluated
through dynamic 2D scanning vid-
eokymography images. Despite a
little difference of phase, it was easy
fo be found in the 2D canning VKG.
B : Opening versus closing duration
of one cycle of vocal fold vibration
(a: closed phase, b: open phase).
C : Schematic drawing describing
a mild phase difference between
right and left vocal fold.
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2D scanning videokymography in real time (Fig. 4).
Symmetry of amplitude and phase could be evaluated using
the dynamic 2D scanning videokymography images (Fig.
5A, B). The open and closed phases could be differentiated
from each other (Fig. 5B). The medial and lateral peaks of the

Fig. 7. Shapes of lateral peak could be evaluated using the 2D
scanning videokymography images. A : Modal phonation. B :
Coughing.

1. Fundamental Freguency(FD) :

2. Open Quotient{OQ) :

3. Closed Quotient{CQ) :

4. Phase Symmetry Index{P 51} :

F\ Amplitude Symmetry Index{ASI) :

Iu.cydewcmvaﬁ-my: [~ large

l?.menceormn: I~ part I~ complete

I&Imen‘e!em of surroundings :

[T Large vibration of ventricular folds
[T cowibration fluids

. Lateral peak : I decreased sharpness

10. Medial peak : I~ sharpened

1. Mucosal Wave : [ reduced [~ absent

I~ ripple
™ medial unsmoothness

12. Cycle aberration : I double medial peak

Fig. 8. Results of captured image data using author created soft-
ware program.

vocal cord could be observed (Fig. 6, 7).
Image data of all parameters were displayed on monitor
using postprocessing software program (Fig. 8).

Discussion

Kymography of vocal fold vibration has been used to cap-
ture and record vocal fold movements since the early 1970s.
Gall et al.” used a single lens reflex camera and an indirect la-
ryngoscopic mirror to capture vocal fold movements. The en-
tire area of the vocal fold could be recorded using the instru-
ment as the slit shutter moved in the direction of inferior-to-
superior in the front of the fixed film in the equipment, which
was called photokymography (Fig. 9). Using this technique,
dynamic images of the entire vocal fold could be acquired,
combining several images in serial order captured in different
time zones.

Then, in 1984, Gall” devised strip kymography, in which
images were acquired while the slit shutter was fixed to one
point of the vocal fold and the film was moved rapidly (Fig.
10). In this way, the vertical and horizontal movement of the
vocal fold could be observed in detail. This is the principle of
modern line scanning videokymography. Videokymography
is essentially the implementation of the principle of strip ky-
mography using a charged coupled devices (CCD) video cam-
era. This system was devised to record a fixed horizontal im-
age, and could be used to capture irregular movements of the
vocal fold in patients with severe hoarseness. The images that

Moving slit shutter

b

Fig. 9. Principle of larynx photokymography.

Fix¢d slit shutter

Fig. 10. Principle of strip kymography.
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were captured continuously could be displayed on a televi-
sion monitor and saved onto ordinary video tape. However,
these techniques were not used widely because it took a long
time and was expensive to develop the film and to play it back.

Wittenberg et al.,” introduced digital multi-line kymogra-
phy to overcome the limitations of line scanning videoky-
mography from Hirose et al., developed a high-speed camera
system. In 2007, Qiu and Schutte® developed real-time line
scanning kymography, improving previous line scanning vid-
eokymography. It could display color images of the vocal fold
and black-and-white images of kymography on the same moni-
tor. Compared to previous videokymography systems, it was
a significant improvement, solving the problem of previous
models in which the movement of the entire vocal fold could
not be observed during examination. However, it was still not
possible to evaluate the vibrating portion of the entire vocal
fold.

In this study, we used a modified full HD CMOS camera
system with a rolling shutter image sensor to invent a new
videokymography system. This image sensor captures image
lines of the entire frame sequentially from the superior to the
inferior portion. This rolling process could make skew or
leaning artifact on the horizontally moving object, which
gives more motion information into the image frame. The
2D scanning videokymography was developed by allowing
temporally different line images among captured frame im-
ages. The images of 2D scanning videokymography were dis-
played in fixed form or moved up and down according to the
change in pitch. This was a kind of aliasing phenomenon. In
cases of the display cycle matched the vibration cycle of the
vocal cord, the image was displayed as a fixed form. On the
other hand, in cases with discordance between the display
cycle and the vibration cycle of the vocal cord, the image would
move up or down.

The 2D scanning videokymography system could extract
dynamic images of the entire vocal fold in real time and ana-
lyze the whole vibratory mucosal movement simultaneously.
With software designed to measure objective parameters from
the dynamic images in our system, almost all variables previ-
ously reported by Svec et al.” could also be obtained, absence
of vibration of the vocal fold, duration of glottal closure, left-
right asymmetry, shape of lateral peaks, laterally traveling
mucosal waves, opening versus closing duration, shape of

medial peaks, cycle aberrations, and interference of the sur-
roundings with the vocal folds. However, it is not possible to
measure parameters related to cycle-to-cycle variability in the
present system. On the other hand, it could be used to evalu-
ate the non-vibrating portion and the consistency of the vocal
fold, which could not be evaluated in line scanning videoky-
mography.

Conclusions

In this study, 2D scanning videokymography was devel-
oped to evaluate the whole mucosal wave of the entire vocal
fold. Various parameters (absence of vibration of vocal fold,
duration of glottal closure, left-right asymmetry, shape of
lateral peaks, laterally traveling mucosal wave, opening ver-
sus closing duration, shape of medial peak, cycle aberrations
etc.) could be measured using the system. However, it was not
possible to evaluate cycle-to-cycle variability with the cur-
rent device. In the future, if these parameters can be quanti-
fied, the 2D scanning videokymography could be applied to
evaluate structural and functional abnormalities of the vocal
fold as a new diagnostic tool.
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