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Abstract
In this chapter we summarize current research on videokymography (VKG) in addition to
our investigations conducted at the Groningen Voice Research Laboratory in the Netherlands, between 2003 and 2008. This work led to the development of a new generation
videokymographic camera allowing both observation of the glottis as well as obtaining a
simultaneous videokymographic image. This new system is now fully suitable to be used
in voice clinics.
In addition to the technical aspects, we also conducted research focused on the analysis of the VKG images. The goal was to provide statistical data pertaining to the vibration
pattern of the vocal folds (VF). For the analysis of the images two different approaches
have been applied: 1) evaluation on two sinusoids and 2) evaluation on four sinusoids.
A patented use of the videokymograph was developed to make a choice from which VF
(left or right) a stroboscopic trigger is taken.
The line imaging principle we applied also lead to the development of depth-kymography (DK), in which the vertical movements of the complex vibration pattern of the VF
are measured and displayed. In a simulation software program that we developed, the
data obtained from both types of kymography are brought together leading to a new
type of in situ registration of the vibratory pattern of the VF.
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Introduction
Vibration of the VF plays a crucial role in voice production. The air from the lungs is
modulated by vibratory action of the VF, and the pattern of vibration is of importance.
For example, fast closing or long duration of the open phase of the glottic cycle leads to
significant differences in the ultimate sound quality. When the vibrations of the VF are
disturbed voice quality is affected. Voice disorders are caused by disturbed vibrations of
the VF, no matter the underlying etiology. It is therefore important to investigate how
and why the vibrations of the VF are disturbed. To reach this goal, we need to look for
structural and tissue abnormalities of the VF as well as for their mobility changes due to
innervation disturbances. However, because the VF vibrate rapidly (the voice fundamental frequencies of the vibrations range globally from about 80-1000 Hz), a high-speed
imaging system is needed to evaluate both normal and abnormal vibrations of the VF.
In 1855, Garcia paved the way to observe VF actions indirectly via a mirror [1]. However, a two dimensional imaging system cannot provide sufficient time resolution to eval-
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uate irregular VF vibrations. However, a Belgian named Oertel, realized quite early that
the observation of the VF vibrations can be improved by using an optical trick, namely
the stroboscopic principle, he introduced in the late 1800’s [2]. Modern stroboscopic systems use rapidly flashing lights that are triggered by the fundamental frequency (F0) of
the voice picked up by a microphone. In this way we can obtain a visual illusion of the VF
vibrations, as the images are slowed down to a speed that can be appreciated by the naked eye. Since the application of the stroboscopic principle to look at the vibration of the
VF is an illusory “slow motion,” a lot of speculations and explanations have been made
concerning the true nature of the VF vibration patterns [3-4]. An irregular vibration or a
mismatch in triggering gives a “blurred” image and can even lead to a misinterpretation
of the VF vibratory pattern [5].
Limitations of stroboscopy
Stroboscopic illumination allows indirect observation of the vibration of the VF when
they vibrate regularly. The stroboscopic flashes need to be synchronized with the VF
vibration, which is technically impossible when the vibrations are irregular. Irregular vibrations of the VF, as well as some specific vibratory patterns, such as those related to
diplophonia, multiphonia, and vocal fry, cannot be adequately studied stroboscopically.
The stroboscopic principle does have some negative features. Observation of the VF
vibration requires a triggering system to get the flashes of the stroboscope to coincide
with the appropriate sequence during the glottic cycle. Triggering based on sound is possible in various ways and each of these method has its own advantages and disadvantages. Since the duration of the flash is substantially smaller than the period of the VF
vibration, only a very brief part of each periodic cycle is visible. Therefore, consecutive
cycles can be missed. Moreover, triggering is difficult to establish during irregular vibrations. The large portion of the glottis cycle that is missing may be essential in understanding the underlying voice disorder.
Hence, researchers looked to develop a high-speed filming technique that would bypass these shortcomings. The first such system was developed at the Bell Telephone Laboratories in 1937 [6]. Later filming was conducted by Moore and von Leden [7] and then
at a speed of 4000 full images per second in color by Hirano in the 1970’s [5]. With the
introduction of the semiconductor solid-state image sensor systems, the first attempts at
modernizing high speed recordings were done in Erlangen (Germany), with a resolution
of 64 x 64 pixels [8].
These high-speed video-laryngoscopic techniques are now being used instead of
stroboscopy. These techniques allow visualization of the VF vibration with a frame rate
exceeding 1000 images per second [9-10]. Vibrational disturbances can then be visualized when the high-speed video recordings are played back at slow speeds. It is often
difficult to obtain sufficient image resolution given the limitations of transmission speed
and storage volume.
The excessive amounts of information provided by the high-speed imaging techniques caused the processing and analysis of the results to be laborious, time-consuming, and impractical for routine clinical use, as studying high-speed videos at slow speeds
is extremely time consuming. One second of a high-speed video recorded with the frame
rate of 4000 images per second takes more than one minute to watch at a standard video
speed, and even more when played frame by frame. This makes high-speed imaging very
impractical in the clinical setting. Even though the current digital technology greatly improved the situation and made high-speed imaging more accessible, the sheer quantity
of processing power required and the sheer quantity of data remains a problem.
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The reasons for a new approach – Videokymography
Because the stroboscopic principle is limited to regular phonations, a new approach is
essential for studying phonatory irregularities. Many non-optical approaches have been
used to study the irregularities of the voice to determine “hoarseness and roughness.”
Measurements of jitter and shimmer, and studies that discuss these correlations with
perceptually orientated studies are numerous. We realized early that if we wanted to
study a cyclic, but irregular vibration pattern in the formation of a tone of a subharmonic
nature [11], we needed careful and meticulous observations derived form from videoimages. To do that we searched for alternative visual methods, with Jan Švec (in cooperation with a camera company, Lambert Instruments), succeeding to modify a standard
video camera [12].
In current clinical practice we like to believe that we are able to evaluate the differences between the left and right VF in a reliable manner and subsequently to describe
these observations correctly in words. To my opinion this is not reliably possible. Using
the new approach videokymography (VKG), we were able to evaluate and describe the
differences between the left and right VF and the whole vibratory cycle, including the
parts missed by stroboscopy. On screen it is easy to make a comparison between the left
and right VF behavior and see the time and phase relationships, as well as the extent of
the excursions.
Principle of videokymography (VKG)
VKG registers the movements of the VF relative to a line placed perpendicularly to the
glottis (see Figure 1). The first generation of the camera, the Kymocam, used a CCD type
image sensor. For two-dimensional TV images in PAL, the 625 horizontal lines of 754
active pixels were read out and processed, but not all horizontal lines were used in the
final display. In this system, each video frame in the vertical direction is composed of 2
x 290 lines in the CCIR (Comité Consultatif International pour la Radio) system. A video
frame is built up at a rate of 40 ms (25 images/s), and divided into two fields of 20 ms
each. The horizontal lines are read out in two fields, first the odd numbered lines and
subsequently the even numbered lines. Each field, therefore, comprises of 20 ms, but
only 18.4 ms is displayed of each field, because 1.6 ms is needed to reposition the electronic beam of the TV set (i.e., vertical blanking). For the TV display, the lines are shown
interlaced to constitute the original image. The frequency achieved in the VKG system is
7812.5 Hz, which is high enough to get information on the waveform over the whole frequency range of the vibrating VF (80-1000 Hz). Due to the vertical blanking, only 1.6ms
of vibration information is missing in the VKG image. A further drawback resulted from
the glitches in the images caused by the pedal switching between the overview image
and the videokymogram. There is no reliable clue provided to reveal from which position
the videokymogram is taken. The first generation VKG was also unable to provide color
kymographic images.
The early VKG used a specially adapted video camera that delivered the VKG images in real time. It was developed originally in 1994 in the Voice Research Laboratory
in Groningen. The camera, either rigid or flexible was attached to an endoscope, via an
optical adapter.
The term video is used because a modified or specially designed video camera chip is
implemented and the term kymography is used because of the wave-like movements of
the edges of the VF during vibration.
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Figure 1. In the first generation videokymograph, implemented by Lambert Instruments, the modified camera can switch, by using the pedal,
between normal mode and the videokymographic mode.
The second generation VKG simultaneously presents the laryngoscopic images (2D)
of the VF, indicating the scan position for the kymogram on the laryngoscopic image.
Even a slight relative movement between the VF and the endoscope would be revealed
in the laryngoscopic image. In this way, the simultaneous imaging greatly facilitates finding the desired position for the videokymogram along the glottis. During phonation, the
videokymograms offer details on the vibratory behavior of the selected location of the
glottis.

Figure 2. Schematic diagram of the second generation system. There are two channels inside the system, a two dimensional stroboscopic image channel (1) and a kymographic image channel (2). To get the stroboscopic image, a subsystem based on a pitch
detect algorithm (PDA) is embedded to obtain the vibratory fundamental frequency
of the VF and to trigger the electronic-shutter of the matrix CCD. The video processing
unit implements image sampling, picture-in-picture, video encoding, and digital image
transfer functions. In the next generation videokymograph, the foot-switch is used to
change work modes between stroboscopic function and videokymographic function.
In this model, two image sensors are used: one to fetch the area image and another
to obtain line image. To reflect the image of the object on both of the sensors, a beam
splitter is used. Therefore the two sensors will share the light intensity of the image
which increases the demands of the sensitivity of the image sensors or the illuminating
power of the light source. The system provides two kinds of output: one in analog and
the other in digital form. The analog video output can be connected to a standard PAL
video monitor, to a video cassette recorder, or to a hard drive storage system.
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The problem of blanking, leading to the black bars in the first generation, solved
To solve this problem, a video frame buffer is used. The image sampling unit and video
output unit work asynchronously. That is, the image sampling unit continuously digitizes
the vibratory image of VF and buffers these into a frame memory. The video output unit
only reads the prepared frame and encodes this into standard TV mode. For instance,
assuming the image sampling frequency is 7200 lines/s in standard PAL, the interval of
one frame is 40 ms. During the 40 ms, the image sampling module will capture 288 lines,
while the video encoder module will put these 288 lines into the active area of the output video rather than the vertical blank. In this way, all vibratory information is stored in
the active area of the analog video.
Light requirements
The CCD used to record the VKG image has a particularly high sensitivity resulting in two
major advantages of the second generation system. First, the high-sensitivity imaging
reduces the requirement from the light source. A standard 250 Watts or 300 Watts Xenon
light source is sufficient to obtain good-quality images. A 180 Watts xenon light source
is even adequate if a rigid laryngoscope with a direct optical fiber connection is used.
That is, the optical light conductor is an integral part of the endoscope. Second, the highsensitivity feature gives it a marked advantage in image quality over the first generation
of the VKG system. In the noise-free image of the second generation equipment, even
the blood vessels on the VF are recognizable. To be used with the second generation VKG
system, a noiseless light source is built by CYMO, using an LED for generating light.
Improvements of the second generation videokymograph
The most important advantage in the 2nd generation videokymograph is the high image
quality. Other advantages include a high spatial resolution, a high temporal resolution,
and a high signal-to-noise ratio. Another important advantage is a lower data volume,
allowing the kymographic image to be captured and interpreted in real time without the
time-consuming evaluation procedure that pertains to the full image high-speed camera.
Because audio and electroglottograph (EGG) signals play an important role in voice
research, the system provides a synchronization mechanism to align the audio and EGG
signals.
Additional research
Pilot studies from 1994 revealed a large variety of vibration patterns in VKG images that
corresponded to different types of voice problems. However, little research has been
done to systematically map the relevant features displayed in such images. Therefore,
this felt as a necessary area for further research. Since the VKG images were digital in nature, analyzing them lead to key findings including the ability to describe the vibrational
pattern of normal and disordered voices.
By using the camera and selecting a single line, we were able to purposely restrict the
amount of information in the image, which then allowed us to invent an optical triggering system. With this triggering system it is possible to select from which VF a signal can
be obtained. Selective triggering based on the vibration pattern of one of the VF makes
it possible to get a triggering signal for stroboscopic observation of the glottal behavior.
Some research has been done in the past to get a registration of the vertical (cranialventral) movements of the vibrating glottis [13-17]. It was a challenge for our team to
get more information on the vertical movement by designing a new type of endoscope
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and using a laser application to register the vertical movements. Vertical and horizontal
movements could then be combined and also implemented in a computer simulation
program for studying the effects of changed parameters.
This supplementary research was done on the following aspects:
1.
2.
3.
4.

Automatic computerized feature extraction;
Optical triggering for use with the stroboscope, obtained from the left- or rightsided VF and development of a pitch detection system;
3D-triangulation to obtain the vertical movements of the VF, to be coupled to
the horizontal videokymographic movements;
Simulation of the VF dynamics, to compare and use the results of VKG and triangulation, leading to depth-kymography.

1. Automated computerized extraction of image features of videokymograms
In 2003, Ales Vetešnik started to work on an automated method of extracting characteristics from the VKG images. The purpose was to develop a set of digital image processing
algorithms optimized for enhancement of the images and focusing on intensity adjustment and noise removal. Digital image processing was also applied for identification of
the edges of the glottis. This was needed to obtain a time series of oscillations of the VF
edges for subsequent nonlinear analysis.
The method of two sinusoids for depicting the glottis, originally proposed by Titze
[18] and worked out later by others [19-23] was chosen as the most promising model
because of the possibility of relating the imaging results to known characteristics, such
as adduction, amplitude of vibration of the upper and lower part of the VF, vertical phase
differences, etc.
In contrast to the two-dimensional overview image, the videokymogram can be seen
as a matrix composed of temporal sequences of one-dimensional horizontal scan lines.
Consequently, the problem of finding the free edges of the VF at a certain time can be
reduced to a single dimension. In their open state, the two VF surround the glottal area.
The glottis can then be identified as the dark segment of the videokymogram line. Using this information, the edges can be calculated from the absolute value of the first
derivative of the videokymogram line. By iterative searching for two local maxima of the
derivative vector next to the glottis location, the width of the glottis can be determined.
The two points correspond approximately to the positions of the boundaries between
the glottis and the VF. Under ideal conditions the algorithm based on those simple mathematical operations would be able to identify the trajectories of the left and right VF
during phonation. Unfortunately in practice it was necessary to generalize this algorithm.
The work was carried out in a MATLAB development environment and algorithms were
recursively tested on a database of videokymographic recordings covering a wide range
of cases.
A new peak-detection algorithm was written for estimating the parameters of the kymographic contours. The fitting procedure on MATLAB-generated kymographic contours,
based on the model of two sinusoids for each VF, was further improved in collaboration
with Z.J. Amen. The fitting procedure has been applied to artificially generated bitmap
images. The procedures were implemented in a software kit called: VKIT, developed by
Vetešnik. In this software the evaluation can be done step-by-step by analyzing videokymographic images. The work of Vetešnik has been published only in our internal reports.
The fitting procedure has been tested on artificially generated waveforms to establish the reliability and accuracy of the method. After the procedure has been tested,
the next step is to apply the procedure to real VKG images. The VKIT program has been
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used as a basis for further analysis of the kymographic parameters of the VF vibration.
Examples are given in Figures 3 and 4.
An alternative approach was done by applying a fitting procedure by four sinusoids,
specifically carried out by Amen.

Figure 3. The data provided and displayed by the MATLAB program created by A. Vetešník.
On the top is a chain of videokymographic images obtained with the first-generation VKG
system. The contours of the vibrating VF are detected by a snake algorithm and depicted
by yellow curves. The lower three graphs depict the data on the vibrational frequency
of the VF (left), closed quotient (middle), and the duration of the open phase for each
vibration cycle (right). A snake is a scientific tool to extract object contours. The snake
is initially placed near an image contour under consideration, and then a mathematical
procedure is applied to draw the snake to acceptable image contours [24-25].

Figure 4. Extension of the program of Vetešník performs more detailed analyses of the
detected contours. The 1st plot the contours of the left and right VF with the corresponding maxima and minima. The maxima are used to calculate the vibration frequency separately for the left and right VF (2nd plot). The adjacent maxima and minima are used for
calculating the vibration amplitudes of the two folds (3rd plot). The data reveals that the
amplitude of the 2nd second VF (red) is consistently slightly larger than that of the 1st
fold (blue). The 4th plot on the bottom shows the phase difference between the two VF.
The data reveals that the 1st VF is about 18˚ in phase behind the 2nd one.
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Four sinusoids
In this case the VF vibration is described by using four sinusoids based on the opening
and closing phases of the glottis. This is represented by the edges of the VF in succession
during the time of vibration. The glottis opens with a more or less simultaneous lateral
movement of the VF, followed by a closing medial movement. In the phase of opening
of the glottis the visible edge of the glottis is the upper (cranial) edge of the VF; in the
closing phase the lower (caudal) edge of the VF becomes visible. Two sinusoids are used,
one for the edge of the opening phase and one for the closing phase. For each side of
the larynx two sinusoids are also used, therefore it is necessary to use four sinusoids for
describing the vibration pattern of VF. For simulating the vibration pattern of the VF, it is
necessary to note the difference in phase between sinusoids.
The quantification of the VKG images requires glottal edge identification and the application of a regression analysis method. To test the reliability of this method, first a
simulated model of the VF was designed and quantified. Next, to identify the glottis from
the VKG images a set of digital image processing algorithms was needed. These were optimized for a computer assisted analysis of VF vibration as depicted in the VKG images. A
Non-Linear Least Square (NLLS) fitting technique was used to improve the quantification
of the vibration pattern of the VF by minimizing the differences between the measured
glottal edge detection and the four sinusoids.
In this method, the sinusoid parameters (initial values) were automatically measured
from the detected edges. Determining the edge derivative with respect to time was
based on the definition of abduction. In the NLLS procedure, the Levenberg-Marquardt
Algorithm (LMA) was used to optimize the sinusoids parameters. This approach was applied to VKG images from 33 subjects. The results indicate that the method allows an
automatic analysis of the vibration information in VKG images, resulting in quantitative
values.
Computer simulations were performed to simulate the VF vibration pattern by using
one set of equations for the left VF and a second set for the right one with a negative
sign. We simulated the VF vibration pattern based on the standard PAL systems. The
sampling interval (sampling frequency) was 7812.5 Hz and fundamental frequency was
100 Hz.

Figure 5. Simulated VF vibration pattern using four sinusoids; two for the left upper and lower VF, respectively, and
the other two for the right upper and lower VF, respectively.
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Figures 6 through 9 show phonation with full and incomplete closures, respectively,
of the glottis in real time. The first column shows full phonation. The second one shows
the three open parts of the glottis, which are analyzed based on the opening and closing
of the VF. The third column shows the maximum and minimum values of the upper and
lower margin of the left and right VF. The last column represents the analyzed contours.
The circles and squares are the abduction extremes of the upper and lower margin of the
VF. The filled circles and squares are the chosen initial sinusoidal parameters corresponding to the maximum and minimum values for the upper and lower margin of VF. It is also
clear that the sinusoids go through the chosen initial values.

Figure 6. Simulated VF and fitted sinusoids:
when the initial values of the sinusoids are
changed by 30 percent of their original values.

Figure 7. Extraction of initial sinusoids parameters
corresponding to upper and lower margins of L/R
VF. In this case, there is closure of the glottis and we
are only interested in open periods, which are separated from closed periods, for fitting analysis. First
column shows the detected points; second column
the first three contours chosen; third column shows
the contour derivatives; and last column shows contours with the initial values of the sinusoids.
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Figure 8. Extraction of the initial sinusoidal parameters corresponding to the upper and lower margin
of the left and right VF. In this case there is no closure
of the glottis. The first column shows the detected
points; the second column the first three contours
chosen; the third column shows the contour derivatives; and last column shows the contours with the
initial values of sinusoids.

Figure 9. One of the analyzed images shows on the left side
(A) the detected edge points form the snakes after processing
the left and right signals. The right one (B) depicts the fitted
sinusoids to the detected edges.
The aim of this part of the project was to offer an alternative automatic new method
to quantify and parameterize the vibration pattern of the VF using VKG in human larynges. The development of the four sinusoids extraction program were reported in an
internal publication of the Voice Research Lab. Švec and his group in Olomouc (the Czech
Republic) continue to put effort into developing methods to further extract data from
videokymographic images.
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2. An optical triggering system for stroboscopy
During the VKG project, we regularly compared the VKG imaging with standard videostroboscopy to determine its advantages. One of the weakest aspects of stroboscopy is
the trigger mechanism for proper timing of the stroboscopic flashes (or for rapid opening/closing of the shutter of a camera). In a disturbed (e.g., hoarse voice), triggering can
be difficult or impossible to perform. VKG is advantageous in obtaining information in
a patient with a hoarse voice. Stroboscopy, however, is well established clinically and
has been considered for years as a valuable diagnostic tool. Therefore, we attempted
to implement stroboscopy in the second generation VKG equipment. To achieve this we
focused on triggering, the weakest aspect of stroboscopy.
Studying the possibilities for a reliable pitch detection system, Qiu explored a new
type of triggering mechanism based on an optical system. In the stroboscopic mode the
voice signal or electroglottography (EGG) signal is captured by a digital signal processor
platform. In this platform, the pitch period of the voice signal, or EGG is obtained by
a Pitch Detection Algorithm (PDA). The PDA generates a pulse sequence with a period
that corresponds to that of the voice pitch in order to drive a flash light source or an
electronic shutter of a camera to implement stroboscopic function. If this period is the
same as the vibrational period of the VF, we will see a still image of the VF. If we make the
period a little shorter, we will obtain a slow motion image of the VF. Thus, it is essential
in the stroboscopic mode to obtain the fundamental frequency of the VF from the voice
signal or from the EGG signal.
More than one hundred PDAs has been devised, which makes the evaluation of all
PDAs a formidable task. However, some reviews have been reported [26-28]. The key
to determining a suitable algorithm for an application is to list the application’s requirements and to filter out the algorithm, which is relative to demand. Our goal was to detect
the pitch period in real time and to use the information to drive the trigger of laryngostroboscopy. Thus, a PDA for laryngostroboscopy may be considered a special case:
the vocal source consists of sustained vowels, by which the complexity of the algorithms
is reduced. However, a pathological voice creates difficulties because no algorithm is
robust enough to handle all different pathological situations. Thus, logically we only
needed to discuss the characteristics of PDAs for pathological voices and present a realtime approach for triggering the laryngostroboscopy. A suitable hardware platform was
developed and experimental results were obtained.
Many pathological phonations exhibit asymmetric movement in which the movements of the left and right VF do not match. When the two VF have periodically asymmetric movements, traditional stroboscopy fails to reveal the VF movement because of
triggering difficulties. This part of the project presented a new triggering method for
stroboscopy to investigate pathological VF movements one side at a time.
An asymmetric VF vibration (frequency asymmetry) was investigated by utilizing
flash-free stroboscopy and our newly developed single-sided triggering system. When
the audio signal is used for triggering, the stroboscopic movement cannot be revealed
because no uniform frequency can be detected. However, a fundamental frequency can
be obtained from a single side VF vibratory image revealing the VF movement of that
side.
A line-scan camera is attached to a flash-free stroboscopic camera by using a custommade optical coupler in which a beam-splitter optically divides the image into two parts:
one for the stroboscopic camera and the other for the line-scan camera. Simultaneously, the flash-free stroboscopic camera uses its electronic shutter to generate a train of
pulses from the movements of a single side of the glottis. The frequency is calculated by
a real-time digital image processor from the line-scan image sequence from that unilat-
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eral VF as determined by the examiner. By optically focusing on one of the two VF, the
fundamental frequency of that VF can be obtained and used to trigger the connected
equipment to create stroboscopic flashes or open/close the shutter of the camera in a
flash-free system.
This method introduces a new tool to reveal the stroboscopic VF movement one side
at a time, thus enhancing the power of stroboscopy for clinical diagnosis. A patent on
this technology was obtained and there continues to be ongoing research to implement
a stroboscopic system in the next generation videokymography by CYMO.nl.
3. Depth-kymography: 3-D-triangulation procedure to register the vertical movements
of the VF, and correlation to the horizontal movements
A major limitation to laryngoscopic procedures is that they can only provide a two-dimensional image of VF vibration in a horizontal plane. One of the major obstacles in
three-dimensional visualization of VF dynamics is the location of the VF. An endoscope
inserted through the mouth or nose is normally used to visualize the VF from the top and
hence the vertical vibrations cannot be imaged. However, the human VF vibrates with
complex three-dimensional movement, with its fundamental frequency of closing and
opening not limited to a single plane. Reliably determining the vertical movements of the
glottis in the direction of the air flow is almost impossible.
Optical methods play a leading role in shape, structure, and position measurements;
especially after the emergence of lasers in the early sixties [29]. In addition, optical techniques have extensive applications in biological and clinical fields because of their noncontact and noninvasive nature. Optical triangulation is one of the oldest and widely
used optical shape measurement methods, especially in industrial applications. However, its use in clinical applications is still in infant stages. Laser triangulation can be executed in various ways such as single point measurements, pointed laser position scanning methods, or simultaneous multi-point measurements using a laser line projection
method [30-33].
One major advantage of laser triangulation is that its working range, resolution,
adaptiveness to different applications, etc., can easily be controlled by the triangulation
angle, focus range, and magnification of the imaging optics. The triangulation method
is simple, compact, and easy to use with minimal hardware and software requirements.
However, in the case of the VF, its application is substantially hampered by the relatively
small working space within the oral cavity.
Vertical vibrations of the VF along the direction of airflow, which is comparable in
magnitude to the horizontal movement, evades these conventional imaging techniques.
However, in recent years there have been some reports in which the vibration dynamics
of excised larynx are visualized and analyzed with various techniques [34-36]. There have
also been recent attempts to measure the vibration amplitudes of a single point on the
VF surface [37].
We described a method to measure in vivo absolute values of human VF vibration in
both the horizontal and vertical planes. We developed a novel laser-sheet triangulation
endoscope used in conjunction with a high-speed area-scan digital video camera. With
this hybrid endoscopic system we could measure the absolute value of vertical amplitudes along a line perpendicular to the glottal mid-line on both VF. In addition, the 2D
image of the VF in the horizontal plane is also calibrated with this approach.
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Figure 10. Schematic view of laser triangulation laryngoscope. The
laser-sheet projection channel is attached to the image-receiving
endoscope in its one side.
Proper detection of the line image is the critical factor of this approach. We showed
that using a photo diode pair as a detector for one point in the line image was possible.
Further investigations were carried out using a position sensitive detector (PSD). We
have also carried out some investigations using a normal TV standard 2D camera as the
detector. This was done as a preliminary test prior to subsequent usage of a high-speed
camera as the detector.

Figure 11. Schematic overview of
a basic laser triangulation system.

The beam of a 5mW diode laser, emitting at 670nm, was focused and expanded in
two orthogonal directions using a pair of spherical and cylindrical lenses to get a line
projection on the object surface. In order to register the image of the projected laser line
we used a 90 degree rigid endoscope (Richard Wolf). A built-in photodiode in the laser
unit together with an external feedback control circuit keeps the laser output intensity
highly stabilized. As a test object we placed a mechanically moving object (electric motor
controlled) at an average distance of 70mm from the tip of the endoscope. The object
moved back and forth with a maximum frequency of about 20 Hz and a total distance
of about 6mm. To measure the movement of the triangulation image, we used a photodiode pair as a position sensing detector (PSD). Initially we used only two detectors
(Hamamatsu S6058 quadrant detector) instead of a larger array. Each photodiode would
give a current output corresponding to the amount of light falling on it. When the laser
line falls equally on elements A and B, the two elements give equal output. When the
laser line moves in a given direction, the output from one element decreases while the
output increases in the other element with the total output remaining constant. Proper
measurement of the output current from each photodiode element gives us the position
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of the laser spot on the detector, which in turn allows us to locate the position of the
corresponding point on the moving object. An appropriate signal-processing circuit has
been designed and all the electronic components are assembled on a custom-made PCB.
The electronic circuit includes four preamplifiers (current to voltage converter) for
each photodiode element and a pair of sum and difference amplifiers. The sum and difference voltages are then fed to a data acquisition card (Labjack UE9) and acquired by
the computer using a Labview interface. The design of the triangulation laryngoscope is
described in detail in a publication from the Voice Research Lab [38].
Two frames showing the maximum open and maximum closed phases of the highspeed video of the VF are shown in Figure 12. These were obtained from the in vivo
imaging of the subject during a sustained phonation. The laser line projected onto the VF
surface is clearly visible in these images (particularly in the color images, available in [38].
While recording, the endoscope is positioned in such a way that the projected laser line
is situated around the midline in the anterior–posterior direction of the VF. This position
was selected for projecting the laser line because the maximal displacement in a normal
healthy individual is expected to occur here. However, from the figure it is clear that the
glottal axis is tilted with respect to the laser line. We have measured the tilt to be about
13°. In an extensive study conducted by [39], a glottal axis rotation of less than 15° has a
negligible influence on the videokymogram generated from a high-speed video. We have
also adopted the same benchmark in our device measurement, since the vertical vibration is analogous to the horizontal vibrations.

Figure 12. Two calibrated frames of the high-speed video showing open and closed
phases of the VF. R and L represent the right and left VF. The projected laser line is
visible on the VF surface.
Image processing for 3D-triangulation
For typical VF vibration amplitudes of 1-2 mm, the position of the image of the laser line
shifts only a few pixels. Thus, we need to employ a proper image processing technique
to achieve sub-pixel resolution to track the VF movements with sufficient resolution. In
order to do this, the center of the image of the laser line is tracked and a curve-fitting
method is used to locate the exact center. The algorithm written in MATLAB reads each
frame of the movie and the intensity profile of the image of the laser along its width is
fitted with a Lorentzian curve.
The procedure is repeated for all points along the length of the laser line to locate
the peak intensity position of the whole laser. High-frequency noise in the fitted data is
filtered out using a two-level Daubechies wavelet (db10) filter. The resulting data provides the information about the vertical position of the VF during phonation. The units
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obtained from this fitting method are measured in pixels. To quantify the data, we had to
calibrate the image to convert the pixel values to SI units. A single-step external calibration method is used for both horizontal and vertical directions. For this purpose, a black
and white square pattern of known length and width is placed at a series of known distances from the tip of the endoscopic system and imaged. For each distance between the
endoscope and the object, the projected laser line assumes a unique position in the image. The image size of the calibration pattern is also different for different distances. Due
to the complex optical focusing mechanism of the endoscope, the position of the image
of the laser line as well as the size of the calibration pattern varies in a nonlinear fashion
with respect to the distance between the endoscope and the calibration object surface.
A second order polynomial fit is used to correlate the position and the distance, and the
resulting data is used for the calibration of in vivo measurements. In order to compare
the horizontal movements we used a MATLAB algorithm to generate a kymogram from
the high speed video.
A test carried out on a vocally healthy male subject demonstrates the functionality of
our device. The subject was told to produce sustained phonation at 240 Hz. One frame
of the high-speed movie is shown in Figure 13 (a). This frame of the movie depicts an
incompletely closed glottis. The projected laser beam on both VF’s surface is visible in
the color image [40]. Since we used a red laser beam, the red component of each frame
of the video is used for further processing. Figure 13 (b) shows the red component of the
image shown in 13 (a). Here one can see the intensity profile of the laser beam on top of
the relatively flat background intensity profile which is derived by the red component of
the white light.

Figure 13. (a) One frame of high-speed video showing the VF. The projected laser line
is visible on the surface of both VF. Here R and L represent the right and left VF. (b)
Intensity profile of the red component of the same image extracted using MATLAB.
Original movie frames are saved in avi (audio video interleave) format without any
compression for further processing. Figure 14 shows the extracted 3D profile of both VF,
derived from the position of the image of the laser line. We call this combined display
of horizontal and vertical vibrations ‘depth-kymogram.’ Distances along the lateral direction (width) of the VF are measured from the glottal mid-line. Negative and positive
directions correspond to right and left VF, respectively. Details of the image processing
algorithm and the calibration method are described in the method section of [40]. Taking
into account the fact that the horizontal and vertical amplitudes are different at different
positions along the anterior–posterior direction, a videokymogram is generated from the
high-speed video at the same position as that of the laser line.
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Figure 14. 3D view of VF vibration. The
horizontal axis is represented by the
distance relative to the glottal mid-line
with zero corresponding to the glottal
mid-line. Negative and positive values
correspond to the right and left VF, respectively. Along the vertical axis, zero
corresponds to the lowest vertical position of the upper surface of the VF.

From the calibrated 2D image shown in Figure 12 and the kymogram in Figure 14,
it is clear that there is no complete closure of the glottis. The gap between the two VF
in the most closed phase is 0.4 mm. But from the vertical amplitude profiles shown in
Figures 13 and 14, the gap between the two VF in the most closed phase appears to be 1
mm. This discrepancy is due to the fact that during the opening and closing phases, the
VF edges do not appear very sharp in the images. This caused some ambiguity in the fitting procedure used to detect the position of the laser line. The VF opening and closing
velocity might be too high for the high-speed camera to record sharp images, leading to a
slightly blurred image of the VF edges. All such data points were skipped and this caused
a wider gap to appear in the vertical amplitude profile compared to the 2D videokymogram. Also in Figure 14, some peaks are visible near the glottal mid-line secondary to bad
fitting and have no other significance. In the present case, the projected laser line did not
cover the full width of the right VF (see Figure 13). Therefore, we were unable to extract
the vertical amplitude profile of the right VF completely until the complete decay of the
mucosal wave.
Figure 15. 2D view of the vertical amplitude of both VF (left) shown together
with the kymogram (right) from the
high-speed video at the same position
of the laser line. Inside the pictures, R
and L represent right and left VF. Time
duration in both plots is 47.5 ms. Fundamental frequency of the vibration is
149 Hz [40].

This is the first successful in vivo recording of the three-dimensional movements of
the human VF in terms of absolute values. Triangulation images of the VF are recorded
at the rate of 4000 f/s with a resolution of 256 × 256 pixels. A special image-processing
algorithm was developed to precisely follow the sub-pixel movements of the laser line
image. Vibration profile in both horizontal and vertical directions are calibrated and measured in absolute SI units.
Precise knowledge about the absolute dimensions of human VF and their vibration
parameters is of great importance in clinical diagnosis and treatment as well as for fundamental research in voice. The new device can be used to investigate different kinds of
pathological conditions including both periodic and aperiodic vibrations. Consequently
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the new device has an important potential for investigating VF paralysis as well as in
phonosurgical applications. Knowing the absolute values of vibration amplitudes in both
directions and the mucosal wave propagation properties can be extremely helpful in
phonosurgical applications such as thyroplasty, injection medialization laryngoplasty, etc.
The data can also provide excellent feedback for the theoretical modeling of VF’s vibration dynamics and assist clinicians in obtaining deeper insight into VF pathology.
4. Depth-kymography: Simulations and direct comparisons with 3D profile measurements
Introduction
The fast 3D profiling laryngoscope (“Depth-Kymograph”) as described in section 3 of this
chapter allows us to investigate the 3D-dynamics of the VF. The Depth-Kymograph makes
use of the same single line imaging as normal (2D) VKG, but has an extra feature to measure the relative height (or “depth”) of the VF. This enables visualization of the VF in three
spatial dimensions. The first two are the imaging line across the two VF and the depth
profile of the surface along this line. The third dimension is obtained by shifting this line
over the VF in an anterior-posterior direction, perpendicular to the glottal midline.
Depth-videokymography gives us an excellent tool for examining additional clinical
details of voice production. A vertical displacement of the VF, mainly of its mucosa, is
related to how loosely connected the VF mucosa is to the underlying tissue, which leads
to a more clearly defined closed quotient of the glottal cycle. Polyps, asymmetries, abscesses, carcinoma, and other voice disorders will be assessed more easily.
It is also important to have a tool to relate the experimental 3D-results to physiologic
data such as material constants. These can include factors such as stiffness and viscosity
of the VF masses. We used numerical 3D-simulations of the dynamic positions and movements of the VF during self-sustained phonation. With these simulations measurement
details can be associated to underlying physical constants.
Simulations of the dynamics of the human VF were first performed by [41-43]. In
these studies, the model used consisted of a single vibrating mass for each VF that were
subject to both spring forces relative to the wall and air pressure forces within the vocal
tract. The masses were mobile in the horizontal direction only. The shape of the vocal
tract and its compartments (lengths and shapes) could be altered, and the ensuing sound
could be made audible. This double one-mass model did not produce phonation with
adequate physiological accuracy, and therefore multi-mass models were introduced, [4445]. Each VF is represented by two masses attached to the surrounding walls and to each
other by spring-and-damper force combinations. This model is schematically shown in
Figure 16.

Figure 16. Model for vocal folds consisting of 2x2
masses (only right fold shown), largely following
[44-45]. Variables include all masses, sizes and positions. Parameters include springs and dampers.
Springs have non-linear components. The primary
constraint is that total mass be preserved.
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This model was also used by [45] for modeling horizontal freedom only (no vertical
forces or movements). All VF modeling in the literature uses this framework including
those to model the pressures in the various parts of the vocal tract and for the spring and
damper forces. Ishizaka also introduced a simple electronic analogue circuit model consisting of a transmission line of T-circuits in which each vocal tract compartment is represented by cylindrical containers with rigid walls. Each of these contained air resistance,
inertia, and compliance, thus allowing a potentially non-linear behaviour (see Figure 19).
The mouth was modeled as a circular piston with air resistance and inertia in parallel. The
two horizontal x-coordinates of the two masses were represented by two equations of
motion respectively. Forces were exerted by the connecting springs and dampers, and by
the air pressure force exerted on the surface area of the masses. With this model, selfsustained oscillation and phonation were studied for various vowels. Ishizakaand Flanagan also extracted characteristic values for the parameters used in this model. Later Titze
introduced a multiple-mass model in which a set of up to 16 masses were handled. This
was then followed by a continuum-mass model [46-49].
As for the production of phonation by speech synthesis, it turns out that the twomass model can be used in a satisfactory way, provided that the model does not focus
on very fine physiological details. Following this line, [50-52] added vertical freedom to
the Ishizaka-Flanagan model, in the form of a varying vertical y-coordinate and of vertical components to the spring-and-damper force combinations. Furthermore, Koizumi et
al. [50] allowed the masses to vary in depth (and in mass, but not in width) under the
constraint that the total mass should remain constant, but without direct connections
of the upper masses to the side walls. Data for the vocal tract components (lengths and
areas of components) were obtained from Story [53-55]. Ishizaka also included a model
with yielding vocal tract walls by adapting the circuitry for the electrical analogue of the
vocal tract [56].
Based on these previous models, we constructed a two-mass model with these features: vertical freedom and the possibility of mass transfer between the two masses
during the vibrations. In doing this, a moving mucosal wave on top of the VF could be
included in the model as well. The details of our simulations and comparisons with measurements, including the details of the mathematical model, have been previously published [57].
Method
Using the Depth-Kymograph (see section 3 of this chapter), the laser light was projected
as a line crossing both VF perpendicular to the glottal midline. The line was positioned
using the illumination of the conventional “horizontal” kymographic system. All subjects
gave informed consent for obtaining these measurements. For comparison across simulations, all measurements were obtained from a single male patient about about 65
years of age with no laryngeal pathology or VF disorders as confirmed via laryngoscopic
examination by an experienced laryngologist. This person showed a left-right asymmetry
in both the profile and the height of his VF during phonation.
In addition to including the vertical dimension, our extended model, named the
“Combined Model,” includes the option to use both the widths and the depths of both
masses as dynamic variables. Therefore, mass transfer between the two masses is allowed. We followed Ishizaka and Flanagan [45], by adding a spring-and-damper connection of the upper mass to the side wall. This appears to model the physiologic movement
of the VF. In Figure 17, a sketch of the model is shown. For mathematical and numerical
details consult de Mul et al. [57]. The masses have 8 dynamic variables: the horizontal
(x) and vertical (y) positions of the centers of mass, and their thicknesses (d) and widths
(w). With these 8 variables it is hard to obtain stable iteration solutions. The stability is
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only slightly improved by using total mass conservation. However, since the upper mass
always rests on top of the lower mass, two of the variables can be neglected. Therefore
we reduced the problem to 4 variables, by investigating 3 situations for each mass:
S.1. Variable x, y, w, and d, with the constraint that the masses are fixed at the wall;
S.2. Variable x, y, and d, but constant w;
S.2. Constant d and w with variable x and y, suggesting a constant mass.

Figure 17. The electrical analogue [56]: pressure = “voltage,” flow = “current,” inertia = “inductance,” compliance
= “capacitance.” The T-circuits of the trachea and the nonlinear components in the VF “springs,” give rise to an oscillatory behavior.
Apart from the extra freedom in the y-direction, the third situation corresponds with
that of Ishizaka [45]. Typical input values of the parameters needed to start the simulations were generally taken from the work of Ishizaka and Flanagan [45] and Koizumi et al.
[50]. For details see de Mul et al. [57].
The input parameters and the output variables include:
•
•
•
•
•
•
•

Time-independent general constants such as air density, adiabatic constant and
viscosity, heat conduction coefficient, specific heat, sound velocity, and tissue
density
Dynamic variables such as a mass in rest, horizontal and vertical positions,
spring and damper parameters (with non-linear terms), thickness and width
Spring and damper parameters for the coupling between the masses
Air pressure and resistance for the lungs
Lengths and areas as well as pressures and flows (AC/DC) for the trachea and
oral cavity
Closed quotient, phase delays between the masses, open period duration, and
width and areas in open position for the glottis
Frequencies and intensities of fundamental and higher harmonics for phonation.

The Vocal Tract Area Functions for various vowels, listed by Story et al. [53-55] were
also used for the simulation. See Figure 18 for a screen shot of the input screen.
The time step for the calculations was 4 µs or less. Output time intervals (e.g., for
plotting and frequency analysis) were 50 µs. The frequency analysis is done by fast-Fourier transformations of the time signals of all coordinates, pressures, and flows as the real
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Fourier input function with zeros for the imaginary part. The maximum frequency (fmax)
is normally chosen at 1 or 5 kHz, with time steps of 1/(2fmax) = 500 and 200 µs. The frequency step is fmax / Nfreq , with Nfreq as the number of Fourier points. From the time
signals, sound can be produced using the internal computer synthesizer with a sampling
rate of 11,025 s-1. Most of the simulations were performed without the option of yielding walls, since we found that the effects of including yielding walls were generally small
to negligible and because inclusion of the yielding-wall effects increased the calculation
times considerably.

Figure 18. Screen shot with the input values for the simulations including the choice
of the “Vocal Tract Area Function” as presented by Story et al. [53-55]. The calculation
model can be chosen at the upper right of the screen: (1) according to predecessors,
or the present “Combined model”; (2) and (3) with constraints for the two masses. The
precalculation table gives the values of the variables at the start of the simulation run.
The computer program produced images of the surface of the VF along the laser line
as a function of time. Subsequently, these images could be combined as a movie, and
overlaid on the movie of the experimental data. To obtain an optimum correspondence,
the frequency of the simulations was corrected by adapting the masses and their thicknesses to match that of the measurements. After matching the frequencies, the phases
were matched by shifting the phase of the measured data, so as to obtain a minimum
value for the Correspondence Criterion (CC), which we defined as the square root of the
averaged square of the actual smallest distance between the upper edge point of the upper mass (modeled with rectangular cross section) nearest to the glottal midline and the
measured Depth-Kymographic curve. Averaging was performed over all available time
points in all completed cycles of the measured data.
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Results of simulations
A screen shot of a particular simulation run is shown in Figure 19. In this simulation, the
Vocal Tract Area Function corresponds to phonation of the vowel /o/, [53-55]. This function consists of 44 compartments (T-circuits) with a resulting 91 x 91 or 46 x 46 pressuresand-flows array depending on whether a yielding wall effects [56] are taken into account.
In our current simulation, we did not include the yielding-wall effect since we found that
this option only affected the results minimally at the expense of considerably increased
calculation time. The simulation is started by linearly increasing the lung pressure from
zero to the parameter value in Table 1 within 5 ms.
Figure 19 contains time and frequency plots for a time window between 380 and
400 ms after the start. The available plots are those of the six coordinate variables; the
pressures at different positions along the air tract; and the flows calculated for the lungs,
the glottis, and the mouth. From the time and frequency plots of the coordinates only, it
is evident that a vibration of the glottis has developed with a phase delay between the
two masses.

Figure 19. Time and frequency plots for a time window between 380 and 400 ms after
the start. Plots display the six coordinate variables; the pressures at different positions
along the air tract; and the flows calculated for the lungs, the glottis, and the mouth.
For the simulations, a set of all 9 combinations were made out of the three situations
(S1, S2, S3) as described above for the two masses in which the given parameter values
were taken as the “reference” situation. The “Combined Model,” as described in the
Appendix in [57], was compared with the Ishizaka-Flanagan and the Koizumi model in
several relevant situations. The following simulations were performed with the harmonics differing respectively:
1.

Several Vocal Tract Area Functions corresponding to different vowels as obtained by Story et al. [53-55] were used. It is expected that the intensity ratios
of the higher harmonics will differ accordingly.
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2.

For all combinations, all parameters (from the glottal length on) were modified
around their original values by multiplying with 10 different factors: 1.01, and
0.1, 0.2, 0.5, 0.8, 1.2, 1.5, 2.0, 5.0, and 10.0. These were then compared with
the “original” combination (factor 1.0). A factor of 1.01 was used especially to
calculate relative slopes of the changes in the variables upon variation of the
parameters. Not all simulations provided sustained vibrations, especially those
modified by a factor of 0.1 and 10. These can be excluded afterwards by allowing only simulations with horizontal vibration amplitudes for both masses to be
larger than a specified value (e.g., 0.01 mm). This leads to 9 x 34 x 9 simulations.
On a 1.2 GHz computer, each simulation of 400 ms lasted about 2 minutes for a
total of 230 h. Thus, we included an option in our program to perform an automated series of simulations,

We recorded the time development of all coordinates and masses, all pressures and
flows, and all the variables as functions of time and frequency.
The averaged values of the output variables and their amplitudes are written in an
ASCII-file and can be plotted in the form of “pivot-plots” containing the output variables
V as functions of a chosen input parameter P in a dimensionless normalized way (i.e.,
divided by the values obtained with the “original” situation) thus around the pivot-value
(1,1). There is also the option of producing “slope plots,” which contain the normalized
slopes of the variables around the parameter values of the “original” situation in the
form: (dV/V)/(dP/P).
For screen shots of the table output and the two plot outputs, see Figures 20-23.

Figure 20. Screen shot of the table output (in Ascii-format) for a series of simulations obtained by varying the parameters. Column 2 lists a code number indicating the particular
model [57] as defined in Figure 19.
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Figure 21. Screen shot of results by varying one single parameter over 0.2, 0.5, 0.8, 1.0,
1.5, 2.0, 3.0 & 5.0 times the reference value (here parameter 11: “x10” = start position of
mass 1), on a relative scale with pivot point = (1,1). Plot legend shows the variables with
their reference values. Logarithmic plots are also available.

Figure 22. Screen shots of “slope plots” (dV/V)/(dP/P) of all variables V (horizontal axis)
as functions of all parameters P (see legend).
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Discussion
For a thorough discussion of VF vibration we refer to de Mul et al. [57]. Here we limit
ourselves to discuss overlays of depth measurements and simulations in a plane perpendicular to the glottal midline. We used the data obtained from a single male patient,
about 65 years of age, with no VF disorders for comparison between simulations. These
recordings were chosen since this person showed a left-right asymmetry in vertical motions and profile, which could not be seen with stroboscopy or “normal” 2D-kymography
since these techniques are looking “from above” only.
Figure 23 contains six events out of one of the vibration cycles. The measurements
are shown as a line overlying the two masses of the simulations. We have drawn the
cross section of the upper mass in the form of a half-ellipse so as to closely resemble the
physiologic shape of the upper mass. We assume that the half ellipse is a more physiologic shape of the mucosal wave than the rectangle. The half-ellipse has a long axis equal
to the width of the rectangle and the short axis was varied so as to keep the mass equal
to that of the rectangle. In the accompanying movie (available online) this comparison
is illustrated. Note the exchange of mass between the two masses during the cycle. The
mass content of the upper mass is higher when its vertical position is higher up.
In the Methods section, the CC for estimating the correspondence between the measured data and the simulated data was introduced. This criterion determines the closest
distance between the upper surface of the VF in actual measurements and simulations
averaged over all available completed vibration cycles. For the situation corresponding
with Figure 21, the CC-value was 0.45 mm. To obtain this value, first the parameters in
the simulation were adjusted as to produce results with the proper frequency corresponding with that of the measurements (240.2 Hz). Next the phase was adjusted to that
of the measurements in order to obtain the minimum criterion value.
From the overlays in Figure 23 and from de Mul et al. [57] it is seen that, at least for
the underlying measurements, the model needs some correction as the mass appeared
to be firmly attached to its side wall. This suggests that for the upper mass model situation S1 is most appropriate. In addition, to incorporate mucosal wave presence the shape
of the upper mass (now rectangular or half-elliptic) has to be reconsidered.

Figure 23. Overlays of screen shots from the simulations (see Figure 19) with measurements using the 3D-Depth Kymograph (see previous section). The simulations
“follow” the measurements quite accurately. See also the movie in de Mul et al. [57].
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From these physical principles we simulated both horizontal and vertical vibrations
of the VF. The model allows the study of all variables and parameters in detail such as the
masses, elastic springs and dampers, flows, pressures and resistances, and it renders the
output of the frequency plots. In addition, different vocal tract area functions were studied. Sound production can also be performed as an option. Correspondence between
simulations and measurements were obtained by dynamically overlaying the simulated
VF surfaces over measured 3D-kymograms in the form of movies.
Advantage of using videokymography
As described in this chapter, more studies are necessary to further advance our knowledge and utilization of videokymography. Our current understanding of videokymography is comparable to our understanding of video stroboscopy during its infancy. However, with the advent of these basic videokymography principles, it has become easier
to document findings to share with colleagues and to evaluate the effects of treatment.
Moreover, there is no longer a need to search through a large number of images to obtain crucial ones.
The vibratory pattern characteristics can be visually recognized with ease in the VKG
images and can be used to describe and distinguish different physiologic and pathologic
vibratory patterns of the VF. It is possible that the list of characteristics described here
will evolve further depending on future research. Although some of the features mentioned here can be observed with strobolaryngoscopy, there are three primary benefits
of VKG over strobolaryngoscopy: 1) it is not affected by triggering problems and therefore reliably records irregular vibrations and short phonations; 2) the vibrations are displayed in a single kymographic image so their interpretation is easier and their documentation is more practical; and 3) it reveals features that are difficult to see in stroboscopy
(e.g., angularity of the turns, slight variations in mucosal waves, opening versus closing
duration, cycle aberrations). Although we only investigated sustained phonations with
videokymography, there are many more areas of potential research of VKG, particularly
to investigate glottal adduction and abduction, vocal onset and offset, mechanisms of
coughing, etc.
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