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Post-Processing of High-Speed Video-Laryngoscopic Images
to Two-Dimensional Scanning Digital Kymographic Images
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Background and Objectives : High-speed videolaryngoscopy (HSV) is the only technique that captures the true intra-cycle
vibratory behavior of the vocal folds by capturing full images of the vocal folds. However, it has problems of no immediate
feedback during examination, considerable waiting time for digital kymography (DKG), recording duration limited to a few
seconds, and extreme demands for storage space. Herein, we demonstrate a new post-processing method that converts HSV
images to two-dimensional digital kymography (2D-DKG) images, which adopts the algorithm of 2D videokymography (2D
VKG). Materials and Methods : HSV system was used to capture images of vocal folds. HSV images were post-processed
in Kay image-process software (KIPS), and conventional DKG images were retrieved. Custom-made post-processing system
was used to convert HSV images to 2D-DKG images. The quantitative parameters of the post-processed 2D-DKG images was
validated by comparing these parameters with those of the DKG images. Results : Serial HSV images for all phases of vocal
fold vibratory movement are included. The images were converted by the scanning method using U-medical image-process
software. Similar to conventional DKG, post-processed 2D DKG image from the HSV image can provide quantitative infor-
mation on vocal fold mucosa vibration, including the various vibratory phases. Differences in amplitude symmetry index,
phase symmetry index, open quotient, and close quotient between 2D-DKG and DKG were analyzed. There were no statistical
differences between the quantitative parameters of vocal fold vibratory movement in 2D-DKG and DKG. Conclusion : The
post-processing method of converting HSV images to 2D DKG images could provide clinical information and storage economy.

KEY WORDS : Vocal fold vibration - High-speed image - Two-dimensional scanning digital kymography -
Image post-processing - Voice.

method used to evaluate vocal fold vibration and is the clini-

Introduction cal standard for laryngeal imaging. Videostroboscopy is

widely used to study the vibration of the vocal folds in clini-

Examination of the vibratory movement of the vocal fold  cal practice, and is used most frequently because it provides
mucosa is essential to understand the mechanism of voice  full-color images with high spatial resolution at a relatively
production and to diagnose various vocal fold disorders.  low cost.” However, this technique usually shows somewhat
Since the 1960s, videostroboscopy has been the primary  illusory slow-motion images of the vibrating vocal folds and
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provides a clear image only when vocal fold vibrations are
periodic and have a stable phonation frequency.” To address
such technologic shortcomings, high-speed imaging (HSI)
was applied to laryngoscopy to more clearly visualize muco-
sal wave mechanics.” By capturing at least 2,000 images per
second, HSI can capture at least 10—20 frames per vibratory
cycle depending on the fundamental frequency.” As it cap-
tures multiple frames within each cycle, HSI is not depen-
dent on periodic vibratory motion and can describe vibratory
behavior beyond the limitations of videostroboscopy.”

Ultimately, high-speed videolaryngoscopy (HSV) is the
only technique that captures the true intra-cycle vibratory be-
havior of the vocal folds by capturing a full image of the vo-
cal folds.” HSV overcomes the limitations of videostrobosco-
py to provide more accurate objective quantification of vocal
fold vibratory behavior. It has a broader range of applications
and a higher successful interpretation rate compared with vid-
eostroboscopy.” Another advantage of HSV is that a more ad-
vanced analysis is possible. Data from videostroboscopy are
usually evaluated subjectively, whereas HSV allows the use
of a variety of methods, such as laryngotopography (LTG)®
and phonovibrography.” In addition, HSV allows more reli-
able quantitative analysis, and most of the vibratory parame-
ters routinely evaluated subjectively by videostroboscopy can
be quantified by HSV thus allowing objective documenta-
tion of the severity of vocal disturbance.” Since the HSV sys-
tem was introduced commercially in the 1990s, HSV has been
considered to be the most accurate tool for visualization of
vocal fold vibratory movement. However, commercial HSV
systems are not in common clinical use owing to unsolved
technical, methodological, and practical limitations, and an
associated lack of information regarding the validity and
clinical relevance of HSV.” Recently, researchers demonstrat-
ed that the methods used to analyze HSV data can be clini-
cally useful in documenting the characteristics of vocal fold
vibrations in patients with various vocal fold pathologies and
in exploring vibratory disturbances to estimate the severity
of dysphonia."*""

There are still problems with the use of HSV in clinical prac-
tice, including a lack of immediate feedback during exami-
nation, considerable waiting time before kymographic visu-
alization, a recording duration limited to seconds, and extreme
demands for storage space.”” The recorded HSV data can be
analyzed frame by frame to evaluate the entire vocal fold vi-
bration.”” However, this requires a high level of concentration
from the examiner because of the extremely large storage ca-
pacity. It is also difficult to compare images taken at different
times on playback in a busy outpatient clinic. Also, the ky-

mographic conversion has the fundamental limitation that
only one or several linear portions of the vocal fold mucosa
can be visualized. In addition, DKG is extracted from imag-
es obtained using laryngeal high-speed imaging playback
and shows the real vibratory image of vocal fold mucosa.'*"
Also, methods such as LTG® and glottal area waveform anal-
ysis'” may require complicated computerized manipulation
and are difficult to interpret.

Two-dimensional scanning videokymography (2D VKG)
was developed to visualize the entire vocal fold vibratory
movement.'” This system can extract dynamic images of the
entire vocal fold in real time and analyze the whole vibratory
mucosal movement simultaneously. A single still image gen-
erated by 2D VKG provides information on the dynamic vi-
bratory motion of the vocal folds.”” These images can also
measure various objective parameters that have previously
been reported in videokymography.” This imaging technique
uses a low frame rate (30 frames/s), and the video clip is small
enough to store in a commercial picture archiving and com-
munication system (PACS) and be uploaded without techni-
cal problems.

A new post-processing method of HSV images, which can
provide compressive and clinical information to laryngolo-
gists at a glance, is necessary to overcome the limitation of
HSV as a clinical application. The 2D DKG image type, which
adopted the algorithm of 2D VKG, can provide clinically rel-
evant information with low storage needs and might be sug-
gested as the imaging protocol for the new post-processing
method. In this study, we demonstrate a new post-processing
method that can convert HSV images to 2D DKG images.

Materials and Methods

1. The participant

A healthy 34-year-old man with no history of laryngeal
disorders or surgery participated in this study. He was a speech-
language pathologist and could produce various registers.
He phonated sustained /e/ vowels in a modal voice, which
were recorded using an HSV imaging system.

2.HSV imaging system

A high-speed color videolaryngoscopy system (model 9710,
KayPENTAX, Montvale, NJ) was used to capture images of
the subject’s vocal folds together with a rigid endoscope (5.8
mm, 70 degrees, 8700CK A, Storz, Germany) and a 300 W xe-
non light source (NOVA 300, Storz, Germany). This system was
used to visualize the vocal folds in their entirety with the res-
olution of 352%512 pixels and 3000 frames per second. The
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HSV images were post-processed in Kay image process soft-
ware (KIPS), and the conventional DKG images were re-
trieved.

3. Post-processing system for conversion of HSV
images to 2D DKG images

The post-processing system [a custom-made program for
post-processing imaging, U-medical image process software
(UIPS), version 1.0], and its algorithm and software were es-
tablished by Dr. Wang. This software runs on the Windows
Operating System (Microsoft Corp., Redmond, WA, USA),
was developed in Visual C# (Microsoft Corp.) and operates
within a single window. The left side of the field contains the
function buttons for HSV image uploading and conversion
to 2D DKG, the settings bar for glottal area selection, and op-
tions for image modulation. The converted video is displayed
in the main field, and some optional buttons are listed at the
bottom of the field (Fig. 1). To convert an HSV image into a
2D DKG image, the extracted video files are uploaded to the
software. The converted images can be exported as a video
file (avi type). The conversion algorithm from the scanning
method of 2D VKG was adopted.'®'” In the selected vibrato-
ry area of vocal folds, a horizontal line or lines of HSV imag-
es are serially reconstructed into the new 2D DKG images.
The custom-made post-processing system was used to con-
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vert HSV images to 2D DKG images.

4. Validation of the quantitative parameters of
post-processed 2D DKG images compared
to DKG images
Post-processing should not skew the original information
of vocal fold mucosa vibration. To validate the quantitative
parameters of the post-processed 2D DKG images, we com-
pared these parameters with those of the DKG images. Each
ten cycles of vocal fold vibration were analyzed in both 2D
DKG and DKG images.

5. Statistical analysis

A Student’s t-test was used to evaluate the differences be-
tween the two groups ; p values of <0.05 were considered sig-
nificant. All statistical analyses were performed using R,
version 3.4.0 (The R Foundation for Statistical Computing, Vi-
enna, Austria) and RStudio 1.0.143 (RStudio Inc., Boston, MA,
USA).

Results

1. Voice characteristics of the participant
After acoustic analysis, the fundamental frequency, jitter,
shimmer, and noise-to-harmony ratio of the participant’s
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VIDEO FPS (1™ 60)
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Figure 1. Custom-made post-processing program [U-medical image process software (UIPS), version 1.0}. The software runs on the
Windows Operating System (Microsoft Corp., Redmond, WA, USA), was developed in Visual C# (Microsoft Corp.) and operates
within a single window. The left side of the field contains the function buttons for HSV image uploading and conversion to 2D DKG,
the settings bar for glottal area selection, and options forimage modulation. The converted video is displayed in the main field, and
some optional buttons are listed at the bottom of the field. To convert an HSV image to a 2D DKG image, the exiracted video files
are uploaded, the glottal area is manually selected, and the conversion is executed. The converted images can be exported as a
video file (avi type). The conversion algorithm was adopted from the line scanning method of the 2D DKG system. In the selected
glottal area, a horizontal line or lines of HSV images are serially reconstructed into the new 2D DKG images. The custom-made post-
processing system was used to convert HSV images to 2D DKG images.
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Figure 2. The serial HSV images for all phases of vocal fold vibratory movement.

modal voice were determined to be 123.5 Hz, 1.201, 2.428,
and 0.04, respectively.

2. HSV and DKG images

The sequential HSV images for all phases of vocal fold vi-
bratory movement are included in Fig. 2 ; the total size of the
HSV video file (4 sec) was 6.3 GB (6291 MB). The converted
multi-line DKG images are shown in Fig. 3.

3. Conversion of captured HSV images to 2D DKG images

The HSV video file was uploaded using UIPS and convert-
ed to 2D DKG images by the scanning method using 1 to
4-pixel lines. The total size of a post-processed 2D DKG vid-
eo with four types of pixel line scanning (1 to 4 lines) was
approximately 6.2 Megabits. The post-processed 2D DKG im-
ages with various line scanning methods are shown in Fig. 4.
Similar to 2D VKG, the post-processed 2D DKG image from
the HSV image can provide quantitative information on vo-
cal fold mucosal vibration. This includes the vibratory phases
of the open phase, opening phase, closing phase, and closed

phase, the kymographic markers of the lateral and medial
peaks, and the upper and lower lips of the vocal fold mucosa.

4. Validation of the quantitative parameters of
post-processed 2D DKG images compared with
conventional DKG images

Differences in the amplitude symmetry index (ASI), phase

symmetry index (PSI), open quotient (OQ), and close quotient
(CQ) between 2D DKG and DKG images were analyzed in
each of the ten cycles. There were no statistical differences
between the quantitative parameters of vocal fold vibratory
movement of 2D DKG and DKG images (Table 1).

Discussion

The clinical utility of videostroboscopy was established as
an evaluation method for vocal fold mucosal vibration." Cur-
rently, videostroboscopy is the recommended examination
modality for specialized evaluation of dysphonic patients.”



Videostroboscopy is widely used to show “illusory” slow-
motion images of the vibrating vocal folds. However, a clear
image can usually only be obtained when vocal fold vibra-
tions are periodic and have a stable phonation frequency. Gall
et al. first devised strip kymography as an alternative tool in
1984 which enables images of vibrating vocal folds to be ac-
quired while the slit shutter is fixed to one point of the vocal
fold and the film is moved rapidly.”” Since Gall’s prominent
work, there have been notable advances in imaging technol-
ogy. Currently, there are three kymographic techniques to ex-
amine vocal fold vibration; VKG, DKG, and strobovideoky-
mography.”

HSV has been considered the most accurate tool to visual-
ize vocal fold vibratory movement since its invention. The
HSV system can record just a few seconds of movement, and
it requires an enormous storage capacity. In this study, an
HSV file approximately 4 seconds in length was obtained,
and its file size was over 6 Gigabits. In research, the accura-
cy and quality of the data or image are the most important
aspects. However, in clinical practice, physicians and speech
language pathologists must consider factors related to time,
resources, manpower, and physical data storage of their study
tools. Due to its high storage and analysis time requirements,
it is difficult to use the HSV system in daily clinical practice.
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Figure 3. The converted multi-line DKG images.
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Thus, most institutes have used DKG images to interpret the
HSV images for clinical or research purposes. However, be-
cause DKG is fundamentally a one-dimensional analysis of
single or multiple lines, the entire vocal fold configuration
cannot be visualized, and continuous strip images are not

easy to interpret in busy clinics.

Figure 4. Conversion of captured HSV images to 2D DKG imag-
es. The HSV video file was uploaded to the software and con-
verted to 2D DKG images. The images were converted by the
scanning method using 1 to 4-pixel lines. Similar to 2D DKG, the
post-processed 2D DKG image from the HSV image can pro-
vide quantitative information about vocal fold mucosa vibra-
fion, including the vibratory phases of the open phase, opening
phase, closing phase, and closed phase, the kymographic
markers of the lateral and medial peaks, and the upper and
lower lips of the vocal fold mucosa. A : 1-pixel line method. B :
2-pixel line method. C : 3-pixel line method. D : 4-pixel line
method.

Table 1. Quantitative parameters of post-processed 2D DKG images compared with DKG images of ten cycles

Parameters Post-processed 2D DKG (n=10) Conventional DKG (n=10) p
ASI 0.04+0.02 (0.02—-0.09) 0.04+0.01 (0.03-0.05) 0.9371
P 0.07+0.01 (0.06—0.08) 0.07+0.00 (0.06-0.07) 0.1442
oQ 0.58+0.04 (0.53-0.64) 0.56+0.05 (0.53-0.64) 0.1788
CcQ 0.42+0.04 (0.36—0.47) 0.44+0.05 (0.36—0.50) 0.1778

2D DKG : two-dimensional scanning digital kymography, DKG : digital kymography, ASI : amplitude symmetry index, PSI : phase

symmetry index, OQ : open quotient, CQ : close quotient
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Recently, 2D DKG has been developed to visualize the vi-
bratory movement of the vocal fold mucosa.'*'"” Photokymog-
raphy allows the entire area of the vocal fold to be recorded
as the slit shutter moves in the inferior-to-superior direction
in front of a fixed film.”” In 1984, strip kymography was de-
vised, that enables images of vibrating vocal folds to be ac-
quired by fixing the slit shutter on one point on the vocal folds
and moving the film rapidly.'*" The principle of Gall’s pho-
tokymography was applied to 2D DKG."**” The results of 2D
DKG are multiphasic functional images of the vibrating mu-
cosa, and several key images can be enough to analyze the
status of vocal fold mucosa. Previous studies have suggested
that 2D DKG images can provide vocal fold vibratory pat-
terns, and various parameters such as the fundamental fre-
quency, OQ, SQ, PSI, ASI, and glottal area index."” The 2D
DKG image is not a real image but can be considered a func-
tionally compressed image type.

After the development of the prototype 2D VKG system,
we initially applied the system to an ex vivo canine larynx
model.'” In the ex vivo study, we compared 2D VKG with
videostroboscopy. The new system has several advantages.
It can extract dynamic images of the entire vocal fold in real
time and analyze the entire vibratory movement simultane-
ously. It can be used in real time without time-consuming im-
age processing, which should be useful in busy clinical set-
tings. Also, as 2D VKG records the images at a speed of 30
frames/s, much less data storage is required.

In this study, we attempted to convert the HSV image file
to a post-processed 2D DKG image. We found that converted
2D DKG images have several advantages compared to DKG
images. As mentioned, 2D DKG shows the two-dimensional
information of the entire vocal fold, which can easily pro-
vide clinical information of laryngeal diseases to physicians
and speech language pathologists. Its storage capacity re-
quirements are small, and a single 2D DKG image can pro-
vide sufficient quantitative information. Images may also be
uploaded to medical PACS without additional upgrades to
either storage or the computer system. To validate whether
post-processed 2D DKG could provide optimal information
for vibratory movement from HSV images, its quantitative
parameters were compared with those of conventional DKG.
As there was no difference between the two image types, post-
processing to 2D DKG was considered to be a suitable con-
version method. Also, this system can convert any type of
HSV image because our protocol does not implement whole
image processing and instead uses the line scanning method.

However, post-processing 2D DKG also has certain disad-
vantages.'®'"” The motion of the vocal fold at a specific, pre-

cise location cannot be evaluated in contrast with VKG or
digital kymography, and anterior-posterior phase differences
cannot be evaluated in contrast with multi-line digital ky-
mography or phonovibrography. A combination of spatial and
temporal information could make it difficult to determine
whether the irregularities shown in the 2D DKG images are
due to a spatial abnormality on the vocal folds or to the ir-
regular nature of the vibrations. The static images in routine
videolaryngoscopy can provide good information about the
mucosal lesion or status.

Although post-processed 2D DKG is not perfect compared
to HSV in evaluating the vibratory movement of vocal fold
mucosa, it has advantages in data storage efficiency and in
providing clinically relevant information. Due to its clinical
advantages, we expect that physicians and speech language
pathologists will use 2D DKG images in clinical practice.

Conclusion

The post-processing method of converting HSV images to
2D DKG images could provide useful clinical information
and storage economy.

This work was supported by a clinical research grant in 2016 from Pu-
san National University Hospital.
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