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Abstract
High-speed digital videoendoscopy provides a direct means to capture the actual vocal
fold vibrations and is emerging as a new clinical tool for voice assessment. The system
can acquire images of the vibrating vocal folds with simultaneous recording of voice data
from the patient. The laryngeal image-based analysis has been proven valuable for objective and quantitative assessment of voice kinematics in health and disease. Meanwhile,
acoustic analysis of voice data could assist in the study of phonatory characteristics and
reveal useful information related to laryngeal pathophysiology. Contrast to the hardware
acquisition systems, the development of effective software for handling such massive
visual/sound data has lagged behind. In this chapter, a software system is designed to
process the laryngeal image sequences and perform image-based analyses as well as
acoustic analyses. Our software (Vocalizer®) contains the following modules: (1) Import
and view Module – to read AVI video data and sound data (wave file), edit/compile and
save selected data, make image montages using DirectShow technology, and display the
acoustic waveform using DirectSound technology; (2) Image Process Module – to perform frame-by-frame image segmentation to delineate the glottis and extract the GAW
and bilateral vocal fold displacements; (3) Image Analysis Module – to adopt Nyquist
plot displays that involve the Hilbert transform based analysis of GAW and provide instantaneous frequency and amplitude distributions; (4) Acoustic Analysis Module – to
perform Fast Fourier Transform (FFT) and Spectrogram analyses of the imported sound
data, display the plot of the sound data, and provide instantaneous frequency and amplitude distributions and Nyquist plots; and (5) Dual GAW and sound wave display module.
Upon rigorous testing of this software using clinical data samples, we demonstrate the
applications of the software to the study of dynamic characteristics of the glottis, which
may correlate with voice quality and health condition.
Keywords: High-speed video-endoscopy, high-speed digital imaging, vocal fold vibration,
glottal area waveform, acoustic analysis, Nyquist plot, FFT, spectrogram, software, DirectShow, DirectSound
Introduction
The analysis of laryngeal images and sound data during sustained vowel phonation plays
an important role in the clinical assessment of voice disorders [1]. Different techniques
have been utilized in vocal fold viewing and investigation in the literature. The high-speed
digital video-endoscopy system, also termed high-speed digital imaging (HSDI) system, is
capable of recording digital images of the glottis at a rate ranging from 2000 to 4000 f/s.
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It is emerging as an advanced technique for the assessment of voice in clinical settings.
The system captures voice data during phonation simultaneously with the image acquisition. The high acquisition rate of the HSDI system is sufficient to resolve the detailed
information on the vocal fold vibration [2]. On the other hand, acoustic analysis of the
voice provides effective means to study phonatory characteristics and to reveal useful
information relating to laryngeal pathophysiology of both clinical and academic interest
[3]. However, effective software for handling both laryngeal images and acoustic data is
lacking. In this work, we introduce the software we developed that provides comprehensive processing of the glottic image sequences as well as analyses of the image-based
glottis waveforms, vocal fold vibrations, and sound data.
Methods and implementation
The software consists of five major modules: import and view, image processing, image
analysis, acoustic analysis, and dual GAW and sound wave display.
The Import and view module
The import module contains two components: firstly, importing of the HSDI recordings,
archive, edit, save, and montage selected image data (moreover, we can look through
all the images on a frame-by-frame basis), and secondly, importing of the voice data,
display, edit, and cut selected voice data.
The laryngeal image recordings and sound data obtained from the HSDI system are
saved as .AVI file and .WAV file separately. For the image recordings, we choose to use
the Microsoft DirectShow techniques, which support a wide variety of formats including
Audio-Video Interleaved (AVI) and MPEG Audio Layer-3 (MP3). Although DirectShow provides a set of standard filters for various applications, we also developed customized filters that extend the functionality of the software. To import and display the sound data,
we adapted the Microsoft DirectSound techniques, which are user mode application programming interfaces (API) that provide the interface between applications and the sound
card driver, thus enabling us to handle, display, and play back the sound waves. Based
on these techniques, we designed and implemented the import and view module. The
data import and image montage functions are illustrated in Figures 1 and 2, respectively.

Figure 1. The import and archive section.
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Figure 2. Image montage view.
In the import and archive section, the patient information of each image/sound dataset can be recorded after the image recording and the sound data are imported into the
software. The upper box is used to display the original image data, and then the clinician
can use the slider control to determine the desired segments of data for archiving. When
performing the editing function, the desired segments can be compressed before being
saved for further analysis in the image processing module. Meanwhile, the video file can
be played back, paused, and stopped to help the clinician choose the data of interest.
The lower box is used to show the sound waveform for selection and play back of the
desired section of sound data, which can also be cut and saved for analysis in the acoustic
analysis module. To facilitate the analysis and comparison of both video and audio data,
the HDSI recordings from the same patient can be imported at the same time. Individual
input data (image or sound) can still be imported and edited in cases where only one of
these data sets is available.
The Image processing module
The image processing module mainly focuses on how to extract the glottal area waveform (GAW). For that purpose, we first perform the image segmentation on the frameby-frame basis to delineate the glottal edge; this is followed by the extraction and realtime display of the GAW.
Multi-ROI and Multi-thresholds segmentation
Since the grey scale of pixels within the glottic area is darker than other regions in the
image, we can simply segment the glottic images using gray-level thresholding methods after pre-processing the images using morphological operators to remove the noise
[4]. We are able to restrict this threshold operation to a user-defined rectangular area,
termed the ROI (region of interest), which may improve the accuracy of the segmentation (see Figure 3A for illustration).
However, the image frame may move, which makes it hard to select a suitable rectangle that covers the glottis region for all the image frames. For example, a partial glottis
may lie outside of the selected ROI due to movement as shown in Figure 3B. Furthermore,
a fixed threshold value sometimes produces poor segmentation results throughout the

156 Normal & Abnormal Vocal Folds Kinematics: HSDP, OCT & NBI®, Volume I: Technology

image frames; this is due to the varying brightness of the image. As illustrated in Figure
3C, some erroneous segmentation occurred using the same threshold that worked well
for a previous image frame shown in Figure 3A.

Figure 3. (A) The ROI, (B) the glottis moved out of the ROI, (C) erroneous segmentation.
Considering the above-mentioned potential problems, the multi-ROI and multithreshold segmentation algorithms are presented. After an ROI is drawn on an initial
image frame, the software allows quick browsing through the entire image series to
check for improper ROI or erroneous segmentation. In such cases the software allows
for manual adjustment of ROI and/or the modification of threshold value using the slider
design. Figure 4 displays the same image frame as shown in Figure 3C with an adjusted
ROI and a new threshold value; these modifications render improved results of segmentation (Figure 5).

Figure 4. Adjusted rectangle and a new threshold.

Figure 5. An example of the segmentation results.
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Glottal area waveform (GAW) extraction
The GAW, representing the area of the vocal fold opening, is often used to analyze the
characteristics of vocal fold vibrations [5]. Figure 6 shows an example of the GAW plot
extracted over 1000 frames based on the image segmentation discussed above.

The Image analysis module
This module contains different analysis modes that include the display of the delineated
glottal contours and the extracted vocal fold displacements at various locations of the
glottis contour as well as calculations of several quantitative parameters based on both
the GAW and bilateral vocal fold displacements. The instantaneous frequency of the vocal fold vibration is derived and displayed together with quantitative readings of jitter
and shimmer. The Hilbert transform based method is used to construct an analytic signal
from the GAW and to obtain the instantaneous amplitude and frequency as well as the
Nyquist plot. A detailed description of this approach can be found in Yan et al. [6].
According to this approach, we designed and implemented the image analysis module to contain three main parts: 1) the GAW plot is displayed with time-expansion or
compression options for suitable display of the waveform; 2) the Nyquist plot of consecutive data segments can be displayed alternatively; and 3) the analytic amplitude and
instantaneous frequency tracing can be displayed alternatively. In addition, quantitative
parameters such as open quotient (OQ), jitter, and shimmer indices are calculated and
displayed. Moreover, toggling between tabs allows for the display of these different parameters. Figure 7 shows a display of the instantaneous frequency plot (lower pane) and
Figure 8 displays the tracing of the bilateral vocal-fold displacements (lower pane). In
addition, the OQ is calculated based on the GAW and its derivative as shown in Figure 9.

Figure 6. The GAW extracted from HSDI data set of normal voice.
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Figure 7. The instantaneous frequency plot (lower pane).

Figure 8. The tracing of vocal-fold displacements (lower pane).
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Figure 9. The calculation of Open Quotient (OQ).
The Acoustic analysis module
This module is implemented to analyze the sound data using various analysis methods
(e.g., calculation of a series of acoustic parameters). Voice data acquired from highspeed systems contain a lot of high frequency, which will result in errors. To overcome
this effect, a low pass filter is designed to remove high frequencies in the voice data
prior to analysis. For further research, Hilbert transform and Fast Fourier transform are
performed to extract certain acoustic parameters (e.g., jitter, shimmer, fundamental frequency). To display the behavior of voice data, the acoustic spectrogram is plotted.
The acoustic analysis module displayed in Figure 10 consists of six sections. In the
first section, the waveform of the voice data is displayed and we can also select any part
of the voice data to play back using the control panel in section six. The Nyquist plot
calculated from Hilbert transform is displayed in the second section. The results of the
Fast Fourier transform spectrum and the acoustic spectrogram of the acoustic signal are
shown in the third and fourth sections, respectively. Each of the data described above
could objectively reveal the characteristics of vocal fold vibration during phonation. In
the fifth section, the analytic amplitude, instantaneous frequency plot, and some acoustic parameters indices (e.g., jitter, shimmer, fundamental frequency) can be displayed by
toggling through the different tabs.
Dual GAW and sound wave display module
To enhance comparison of the results, we display the GAW analysis result, acquired from
the image analysis module, and the vocal signal result, obtained from the acoustic analysis module, in the same panel as displayed in Figure 11. The original GAW and voice data
are displayed followed by the Nyquist plot and the FFT spectrum. Normally, the GAW and
voice data obtained from the same patient should have similar properties, which can be
directly observed in this module. From the Nyquist plot, we can see that the pattern is
nearly circular for both data. In addition, the FFT spectrum shows distinct peaks at the
same position, which indicates that the GAW and voice data have a similar fundamental
frequency. These results clearly prove that this module allows for easy analysis.
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Figure 10. The acoustic analysis module.

Figure 11. The compare module.
Experimental Result Analysis
To testify the validity of our approaches, several HSDI and voice data samples representing normal and specific pathological voice conditions were processed by the software.
The GAW plot and Nyquist plot extracted from normal voice are shown in Figure 12 and
the same plots extracted from abnormal voice are also displayed in Figure 13. Clearly,
both GAW plots show the regular vibratory behavior of the vocal fold. In the clinical analysis of voice disorders, the regularity and the irregularity of the GAW between vibratory
cycles is one of the key indices to describe most pathological voices [7]. The GAW plot
extracted from normal voice (Figure 12a) shows a normal oscillatory mode and a slight
cycle-to-cycle variation. In contrast, the GAW plot extracted from abnormal voice (Figure
13a) reveals the vibratory pattern changing from a normal single oscillatory mode to a
bimodal oscillatory mode that contains two peaks. According to the approach discussed
above, the analytic signal is a complex sinusoid so the analytic phase tracing is therefore
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a unit circle. The Nyquist plot calculated from normal GAW signal presented in Figure 12b
displays an almost circular tracing with slight cycle-to-cycle scattering. Comparatively, the
Nyquist plot obtained from the abnormal GAW signal displayed in Figure 13b exhibits an
irregular vibratory pattern with the flattened distribution on the left side. This indicates
abnormal vocal fold behavior, which could help diagnose some types of voice disorders.

Figure 12. (a) The GAW of normal voice; (b) The Nyquist plot of normal voice.

Figure 13. (a) The GAW of abnormal voice; (b) The Nyquist plot of abnormal voice.
The analysis results of a voice signal is shown in Figure 14, which contains the original
voice data waveform, the FFT spectrum plot, the Nyquist plot, and the acoustic spectrogram of the voice signal. As the figure shows, in the FFT spectrum, distinct peaks can be
clearly observed at the fundamental frequency and its harmonics. Accordingly, the spectral density over time of the acoustic signals is calculated and the spectrogram is plotted.
By interpreting the spectrogram, we can clearly see energy broadening at the place of
existing voice signals while seeing nothing in the areas where voice signals are absent
[8]. Compared to the FFT spectrum, the acoustic spectrogram also shows distinct lines
at the fundamental frequency and harmonics in the time-frequency plots. Influenced by
the harmonics of the vocal signal, the Nyquist plot shows a more complex structured pattern. In Figure 14d, noticeable distortions in the tracing of a perfect circle is seen while
the effects of the harmonic components correspond to increasingly greater distortions
in the Nyquist plot.
Information obtained from the FFT spectrum, the acoustic spectrogram, and the Nyquist plot indicate unsteady vibrations of the vocal folds during phonation. Our analyses
also suggest that the Nyquist plots obtained from voice data exhibit subject-specific patterns and may serve as diagnostic references for some diseases. We anticipate that the
information obtained from acoustical analysis may lead to significant improvements in
acoustic approaches currently used in voice assessment clinics.
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Figure 14. (a) The waveform of voice data; (b) The FFT spectrum; (c) The spectrogram of voice data; (d) The Nyquist plot of voice data.
Conclusion
In this chapter, a software application has been implemented to analyze the high-speed
laryngeal images and the voice data obtained from vocal folds during phonation. The
import and view module is accomplished using DirectShow and DirectSound techniques
to import the HSDI recordings and voice data into the software. For HSDI analysis, the
multi-ROI and multi-threshold segmentation algorithm is applied to segment the glottal area for extracting GAW effectively, and then different analysis models and certain
acoustic parameters based on the GAW plot are introduced. For the voice data, different
methods are applied to calculate acoustic parameters and to set up different analysis
modules (e.g., Nyquist Plot, acoustic spectrogram). The analysis results of HSDI and voice
data clearly reveal the phonatory characteristics of the vocal fold and provide quantitative measures of glottal perturbation. The experimental results validate the effectiveness
and accuracy of our methods for HSDI analysis and voice data analysis, demonstrating
the potential of using this software to help the clinician diagnose vocal fold disorders.
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