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disorders. The present study offers an automatic quantitative method to describe vibration

properties and analyzes its clinical usefulness in evaluating pathological vocal cords via Received : September 15, 2020

two-dimensional videokymography (2D VKG).
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of five parameters (fundamental frequency [FO], open quotient [OQ], closed quotient [CQ],
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phase symmetry index [PSI, and amplitude symmetry index [ASI). We compared the
recovery of the vocal cords in a 52-year-old male with acute laryngitis by performing 2D

VKG at 1, 3, and 4 weeks.

Results: FO was not measurable at 1 week. After 4 weeks, it could be measured (117.24
Hz) after vocal cord vibration was observed. CQ, which reflects the degree of vocal cord
contact, increased from 38% to 44%, while OQ decreased from 62% to 56%. PSI, which
shows the regularity of the vocal cords, decreased from 0.148 to 0.72, while ASI decreased

from 0.175 to 0.081.

Conclusions: The method used in this study allows easy analysis of vibratory parameters
and quantifies mucosal wave parameters of vocal cord vibrations. Presenting the state of
vocal cord vibration as a numerical value may increase clinical utility, as it is possible to

compare the recovery of the vocal cords objectively.
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| . Introduction

Measurement and analysis of vocal cord vibrations is an
description  and
(Doellinger,  2009;

Lohscheller et al., 2007). There is an increasing need for

important aspect of  quantitative

investigation of voice disorders
a reliable technique to quantify voice problems and to
detect dysphonia in clinical practice (Han et al., 2019;
Kim, 2019; Yu et al, 2001). Functional dysphonia is a
result of inadequate coordination of laryngeal irregularity
and movement during phonation (Benninger et al., 1996;
Deliyski & Hillman, 2010). As these factors affect only the
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dynamic behavior and not the static anatomical structures,
they can only be recognized during vibration of the vocal
cords (Yumoto, 2004). Therefore, recording of the vocal
cords during phonation using appropriate techniques is
necessary. The data obtained through digital high-speed
endoscopy and their objective analysis provide many new
possibilities to  enhance the understanding and
investigation of laryngeal dynamics and related pathologies
(Deliyski et al., 2008: Doellinger, 2004). High-speed
imaging (HSD  overcomes the disadvantages of
videostroboscopy (Inwald et al., 2011). Additionally,
objective evaluation of the dynamics allows the beginning
of evidence-based approach in endoscopic voice
diagnostics (Bohr et al., 2013).

However, vocal cord vibration cannot be quantified
with  HSI  alone.

videokymography (VKG) techniques should be used for

Therefore, post-processing  and
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quantitative  evaluation of vocal cord vibrations
(Andrade-Miranda et al., 2015; Bohr et al., 2013; Qiu et
al., 2003). Although researchers developed the line-scan
VKG system to examine the mucosal wave of the vocal
cords located on a fixed line (Svec & Schutte, 1996; Svec
et al., 1996), the mucosal wave of the entire vocal cord
could not be observed in a single recording. Various
imaging techniques have been developed to assess the
mucosal wave pattern of the vocal cords. However, each
system has its advantages and disadvantages. Hence, these
systems are used in a complementary manner in clinical
practice (Schutte et al., 1998).

To compensate for the disadvantage of the line-scan
VKG, a two-dimensional (2D) VKG was developed that
can analyze vocal cords in their entirety. When the
vibration pattern of the vocal cords is evaluated using the
developed 2D VKG system, two types of vocal cord
images (laryngeal endoscopy image and VKG image) are
generated (Park et al., 2016; Wang et al., 2016a).

The 2D VKG system allowed the evaluation of the
movement of the entire vocal cord in a patient with
2016b).

However, the degree of recovery of laryngeal function

laryngeal disease over time (Wang et al.,
over time was subjectively confirmed and could not be
expressed in the form of objective data. Denoting the
degree of recovery of laryngeal function in a form of a
numerical value can provide objective information to
patients. Moreover, it may help study the characteristics
of the disease.

Vibration of the vocal cords is an essential part of
Thus,

vibration is essential for the detection, diagnosis, and

voice production. a method for quantifying
treatment of various laryngeal disorders. The present
study describes an automatic quantitative method to
obtain the vibration properties of pathological vocal

cords via 2D VKG.

[I. Methods

1. Participants

A 2D VKG system (Wang et al., 2016b) was used for
post-processing of the 2D VKG image. The volunteer who
a 52-year-old man

participated in this study was

diagnosed with acute laryngitis. In addition, for
comparison with normal vocal cords, the authors of this
study participated as subjects. The participant diagnosed

with acute laryngitis underwent 2D VKG at 1, 3, and 4

26

weeks to compare the degree of recovery.
2. Experimental Design

1) Image Processing Using Edge Detection Algorithm

For post-processing of the 2D VKG data, the stored
still image was not used, but a new method was used to
detect the kymogram edge using video. To analyze the
2D VKG video in real time, it was divided into image
processing steps as follows. Initially, the HSV (hue,
saturation, value) color model conversion was used to
improve image reliability (Park, 2001). After converting
the image to grayscale, blurring the image by a Gaussian
profile was performed to improve the reflection of a
strong light source due to liquid secretions in the vocal
cords (Hamerly & Dvorak, 1981). Subsequently, Otsu’s
method using binarization was used to determine the
image threshold and to separate the edge regions (Sahoo
& Arora, 2004). Finally, connected component labeling
was used to divide and to display each independent area
of the image according to its own label value (Dillencourt
et al., 1992).

2) Post-Analysis Parameters of 2D VKG Imaging

The proposed method is based on image processing,
which combines an active contour model with a genetic
algorithm (Qui et al, 2003) to improve the detection
accuracy and processing speed. It can accurately extract
the vibration wave in 2D videokymograms and
automatically quantify the vibration properties in terms of
five typical parameters (fundamental frequency [FOl, open
quotient [OQ], closed quotient [CQ], phase symmetry index

[PSI], and amplitude symmetry index [ASI], Figure 1).

ay
To t t
T
az

Note. T=vibration period of cycles; To, Tc=open and closed
duration of the glottis; al, a2=open amplitude of the left and
right vocal cords; tl, t2=moments when the left and right vocal
cords reach the maximum open amplitude, respectively, in the
same cycle.

-

Figure 1. The calculating method of characteristic parameters
in a typical 2D scanning VKG image
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3) Measurement of Fundamental Frequency

Fundamental frequency is the number of cycles per
In 2D VKG calculated by

multiplying the number of frames per second (30 frames)

second. imaging, it was

by the ratio of the length of the entire screen and the
length of one cycle (Figure 2).

one cycle
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Figure 2. Measurement of fundamental frequency

4) Measurement of OQ and CQ

OQ is the percentage of time in the vibrating period
of the vocal cords while the glottis is open. OQ is
calculated by dividing the total vocal cord vibration
period by the duration for which the glottis is open.
Closed quotient (CQ) is the percentage of time in the
vibrating period of the vocal cords while the glottis is
closed. CQ is calculated by dividing the total vocal cord
vibration period by the duration for which the glottis is
closed (Figure 3).
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Figure 3. Measurement of open quotient

5) Measurement of Phase Symmetry Index
PSI is obtained by dividing the phase difference between

the vocal cords by the entire vibration period of the vocal
cords (Figure 4). Referring to Figure 2, the PSI can be
expressed as an equation as follows. PSI value ranges from
-1 to 1 and values closer to O indicate greater regularity

of vocal cord vibration.

t, —t, @

PSI=——

e

Figure 4. Measurement of phase symmetry index

5) Measurement of Amplitude Symmetry Index

ASI is obtained by dividing the difference in the
amplitude between the vocal cords by the sum of their
the ASI can be

amplitudes. Referring to Figure 5,

expressed as follows.

===l
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Figure 5. Measurement of amplitude symmetry index

lll. Results

1. 2D VKG Image According to Vocal Cord Disease
Progression

2D VKG was recorded and analyzed at 1, 3, and 4

weeks after the treatment to observe the changes in vocal

cord vibration according to the recovery of the subject
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with acute laryngitis. Changes in the treatment results of
patients with acute laryngitis were confirmed through 2D
VKG imaging (Figure 0).

Figure 6. Changes in 2D VKG imaging
following acute laryngitis recovery

2. Quantitative Analysis Through Post-Processing of
2D VKG Imaging
Vocal cord vibrations of the subject with acute
laryngitis were quantitatively analyzed through 2D VKG

imaging at 1, 3, and 4 weeks. Table 1 shows the results

28

of the analysis using the software developed in this study
in to objectively verify whether vocal cord vibration was
restored in patients with acute laryngitis. Measurement of
FO was not possible at 1~3 weeks of acute laryngitis, but
it could be measured after 3 weeks and the value was
117.28 Hz. FO was impossible to measure initially due to
the lack of complete contact between the vocal cords at
1~2 weeks. Subsequently, with improved contact between
the vocal cords, objective measurement was possible. CQ
increased from 38% at 3 weeks after the onset of acute
laryngitis to 44% at 4 weeks. Based on the same principle,
OQ exhibited a decrease with time from 62% to 56%. PSI,
which can objectively measure the regularity of the vocal
cord vibration cycle, exhibited approximately 50% decrease
from 0.135 at 1 week to 0.072 at 4 weeks. ASI exhibited
approximately 50% decrease from 0.175 to 0.081.

Table 1. Mean score on response to picture and dynamic stimuli
across verb types

Parameters 1 week 3 weeks 4 weeks
FO (Hz) NT NT 117.28
0Q %) NT 62 56
CQ (9 NT 38 44
PSI .148 135 .072
ASI 175 152 .081

IV. Discussion

Since vocal cord vibration cannot be visualized with
naked eyes, a variety of equipment is used to visualize it.
Such equipment includes laryngeal endoscopes (Dailey et
al., 2007), laryngeal stroboscopes (Mehta et al., 2010), and
high-speed imaging devices (Yan et al., 2005). These
devices provide the advantage of visualizing vocal cord
vibrations to identify various vocal cord disorders.
However, they provide only an image of the vocal cord
vibration. Therefore, since vocal cord diseases are
subjectively evaluated based on the image data, there
may be differences among evaluators and it is difficult to
detect subtle changes.

With increasing emphasis on the importance of
quantitative evaluation of vocal cord vibrations, studies
on objective evaluation through post-processing of the
existing acquired images are being conducted (Manfredi
2012). Recently,

line-scan videokymograpy has been published (Jiang et

et al, a quantification study using
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al., 2008). Line-scan videokymograpy can analyze a part
of the entire vocal cord using a high-speed laryngeal
imaging device. However, it cannot quantify the
movement of the entire vocal cord.

The 2D VKG system makes it possible to record the
mucosal wave pattern of the entire vocal cord in a single
session. Although further studies are required to confirm
its clinical efficacy for the evaluation of vocal cords, it
can be used to evaluate the static and the dynamic status
of vocal cords in patients with vocal cord diseases (Park
et al, 2016). Kim et al (2017) used real-time
visualization of 2D VKG for evaluation of vocal cord
vibration to quantitatively analyze (ASI, PSI, OQ, CQ)
vocal cord images of normal adults.

Additionally, a system has been developed that can
post-process HSI images to obtain 2-D digital kymography
(2D DKG) images (Kang et al,, 2017; Lee et al, 2019).
2D DKG can be used for quantitative analysis of vocal folds
in cases of atrophic vocal folds (Bae et al., 2019a), vocal
fold scarring (Kim et al., 2019a), diplophonia (Bae et al.,
2019b), and inhalation burns of the larynx (Kim et al.,
2019b). However, previous studies reported a two-step
process in which HSI images were post-processed into
DKG images and then quantitatively evaluated again. The
method described in the present study is advantageous, as
quantitative analysis can be performed automatically in a
single-step process using 2D VKG images that can view
the entire vocal cord in real time and the need for DKG
image conversion is avoided.

In the present study, clinical usefulness of 2D VKG was
confirmed by quantitatively measuring changes in the
vocal cords of the subject with vocal cord disease. Vocal
cords with acute laryngitis were photographed with a 2D
VKG system and the image data obtained through
post-processing were analyzed and quantified. During the
course of recovery from acute laryngitis, the values of FO,
CQ, OQ, PSI, and ASI, which can objectively confirm the
exhibited

improvements. In addition, subtle changes could be

vibrational pattern of the vocal cords,
detected by presenting the degree of recovery of the
vocal cord vibration in a form of an accurate value.
Objective comparison is difficult, as no previous
studies have measured the change in pathological vocal
cords using 2D VKG. However, the quantified value of
vocal cord vibration following recovery from acute
laryngitis can be of great clinical significance. In the
future, it might be useful for the evaluation of organic
diseases of acute laryngitis as well as of various

functional voice disorders such as spasmodic dysphonia,

conversion dysphonia, presbyphonia, and puberphonia.
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