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A new method for analysis of digital high-speed recordings of vocal-fold vibrations is presented.
The method is based on the extraction of light-intensity time sequences from consecutive images,
which in turn are Fourier transformed. The spectra thus acquired can be displayed in four different
modes, each having its own benefits. When applied to the larynx, the method visualizes oscillations
in the entire laryngeal area, not merely the glottal region. The method was applied to two
laryngoscopic high-speed image sequences. Among these examples, covibrations in the ventricular
folds and in the mucosa covering the arytenoid cartilages were found. In some cases the covibrations
occurred at other frequencies than those of the glottis. ©2001 Acoustical Society of America.
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I. INTRODUCTION

The periodicity of the vocal-fold vibrations is a highl
relevant aspect of voice production, both in normal and
pathological voices. The periodicity, or lack of periodicity,
typically described in terms of jitter and/or shimmer, perio
to-period correlation, or by spectral characteristics~see, e.g.,
Titze and Liang, 1993; Hess, 1983!. Analysis of such char-
acteristics is generally applied to acoustic signals recor
from microphones, but can also be used on signals der
from physiological events such as EGG or airflow record
from flow masks.

Another method for acquisition of physiological data
direct visual inspection of the vocal folds by means of lary
goscopy. This method is often combined with strobosco
~see, e.g., Sˇvec, 2000! to visualize the vibrations of the voca
folds. However, aperiodicities associated with some vo
qualities make stroboscopy inappropriate, since it requ
periodic vibration and a single, measurable fundamental
quency. One way to circumvent this problem is to use hi
speed imaging, a technique that has been used for man
cades~see, e.g., Mooreet al., 1962; Dunkeret al., 1964!.
High-speed imaging therefore also offers an informative
scription of aperiodic vocal-fold oscillations, since each
bratory cycle is documented in terms of a sequence of s
eral images. Recently, digital high-speed imaging of
larynx has become more commonly used, mainly becaus
reduced costs and improved light sensitivity of high-spe
cameras with digital storage~see, e.g., Kiritaniet al., 1988;
Hammarberg, 1995; Kiritani, 1995; Ko¨steret al., 1999; Ey-
sholdet al., 1996!. Moreover, modern cameras can now pr
duce images of acceptable quality when combined with s
dard clinical optical instruments.

a!Electronic mail: svante.granqvist@speech.kth.se
b!Electronic mail: Per-Ake.Lindestad@logphon.hs.sll.se
J. Acoust. Soc. Am. 110 (6), December 2001 0001-4966/2001/110(6)/3
n

-

d
ed
d

-
y

e
s

e-
-

de-

-
-
v-
e
of
d

-
n-

A problem associated with video recordings in gener
however, is visual interpretation. In particular, it is som
times hard to observe which parts of the larynx are vibrati
at what frequencies, and in what phase relation to other
brations. One solution is to use kymography, which can
acquired directly from a single-line camera~Švec and
Schutte, 1996! or by extraction from high-speed image s
quences~Tiggeset al., 1999; Larssonet al., 2000!. Such ky-
mographic images give a good view of the movements of
vocal folds, periodic or nonperiodic, but only for part of th
image, i.e., the single line. Another method for data extr
tion from high-speed images is detection of the edges of
glottis ~e.g., Larssonet al., 2000!, which can be used for
glottal area and flow calculations. Such methods are mo
applicable, however, only to the glottis, as they genera
cannot reveal oscillations in other parts of the larynx.

This paper presents a new method to visualize perio
or quasiperiodic oscillations in the entire laryngeal area. T
basic idea is to extract time signals from consecutive imag
The resulting signals are Fourier transformed and can be
played in different ways, for example in terms of a colorin
of the laryngeal image. The method can be seen as a wa
condensing data from all of the images within an image
quence and for all locations within those images into one
a few more informative images, displaying relevant oscil
tory frequencies.

II. MATERIAL

Digital high-speed recordings were made at the dep
ment of Logopedics and Phoniatrics at Huddinge Univers
Hospital. The subject was a male with a healthy voice~co-
author P-ÅL!. Laryngoscopy was performed using either
flexible ~Olympus ENF, P3! or a rigid~70° Hopkins 8706 CJ,
Karl Storz! endoscope. The light source was a Storz 600 w
a halogen lamp. The endoscopes were connected to the
3193193/5/$18.00 © 2001 Acoustical Society of America
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FIG. 1. Derivation of a single time sequence from an image sequence. The lower graph displays the time-varying intensity at the indicated pixel inpper
series of images. Alternatively, a similar intensity curve can be derived from the average intensity over an entire line, rather than from a singleel. For
clarity, every second image in the sequence has been excluded in the figure.
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era system via an Olympus AR-L2 C-adapter. The cam
system was a Weinberger Speedcam that was run at a f
rate of 1904 images per second, memory allowing record
of 2048 frames, or 1 s, approximately. The image resolut
was 256364 pixels. Images were stored and analyzed d
tally. A Hamming window of 270 ms~512 points! was used
for all Fourier transforms.

III. APPLICATIONS

The extraction of the time sequences can be applied
ther to a specific pixel or to a specific line in the image. T
procedure involves three steps. First, the raw intensity d
are extracted, i.e., the level of gray at the pixel in question
the average level of gray of the line in question. This extr
tion is performed on each image with fixed line or po
coordinates on a set of consecutive images, as illustrate
Fig. 1. The resulting data points are used to form consecu
samples in a time signal. Figure 2~left! provides an example
Second, this time signal is scaled according to the aver
amplitude so as to eliminate the effect of different illumin
tion in different parts of the image, Fig. 2~middle!. Third,
the average of the signal is removed, Fig. 2~right!, since a
large nonzero average component would obscure the lo
part of the spectrum.

The time sequences thus obtained are then Fourier tr
formed. This results in a spectrum for each pixel or line. T
output of these Fourier transforms contains amplitude
phase information as a function of frequency. Such Fou
analyses can be visualized in several ways simultaneo
and preferably in conjunction with kymography and stand
playback of the image sequence. Since there are four to
parameters involved~x position, y position, frequency, am
3194 J. Acoust. Soc. Am., Vol. 110, No. 6, December 2001
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plitude, and possibly phase!, some of them have to be left ou
if a two- or three-dimensional graph is chosen. Four alter
tive modes seem particularly informative.

A. Single-pixel, all frequencies

In this mode of visualization, a single pixel is select
with a cursor. The Fourier transform of the light intensity
that pixel in the selected and consecutive images is displa
in a two-dimensional graph. The graph is an ordinary li
spectrum display with frequency in Hz on thex axis and
amplitude in dB on they axis. For example, if the pixel o
line is positioned at an oscillating glottis, a peak will appe
in the amplitude spectrum at the glottal vibration frequen
This is illustrated in Fig. 3 pertaining to a high-pitched ph
nation. The figure shows a fundamental oscillation freque
of 210 Hz.F0 analysis of the corresponding sound, record
simultaneously, yielded anF0 of 214 Hz.

B. Line average, all y positions, all frequencies

In this mode, the time curve is extracted by averag
the intensity for each line in the images. This yields a se
time sequences, one for each line. The sequences are Fo
transformed and the result is displayed in a thre
dimensional graph with frequency on thex axis, vertical po-
sition on they axis, and amplitude on thez axis, which is
represented as level of gray. Figure 4 exemplifies suc
three-dimensional graph, revealing major oscillation f
quencies. At the level of the glottis in the image, shown
the left in figure, a dark line can be seen at 210 Hz. This l
corresponds to the frequency of vocal-fold vibration; s
above. The vertical line at 100 Hz is an artifact caused
a
ght
FIG. 2. Normalization of the time sequence, applied to compensate for differences in mean illumination strength and light absorption in different prts of an
image. Left panel: raw signal taken from Fig. 1; middle panel: normalization of the same signal achieved by multiplying each value by a constant; ripanel:
resulting signal after removal of average. In this figure, the time window is longer than that used in Fig. 1.
S. Granqvist and P.-Å. Lindestad: High-speed laryngoscopy
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FIG. 3. Fourier transformation~512-point Hamming
window! of the signal shown in the right panel of Fig.
yielding a spectrum for the selected point. The fund
mental at 210 Hz corresponds to the vibration fr
quency.
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light-source flickering. This was checked by analyzing t
signal from a light sensor exposed to the light source;
signal contained a 100-Hz component. The flickering w
probably due to the fact that the power supply of the la
was not sufficiently stabilized. The averaging over lines
described above is preferable in cases where oscillatory s
larities occur horizontally over the image. If, however, su
similarities occur vertically, the averaging could be do
over columns.

C. Full image, single frequency

In this mode, Fourier transforms are calculated for ea
pixel, and a single frequency from the Fourier transforms
selected. The magnitude of the oscillations at that freque
is displayed as color saturation on top of a single ima
selected from the original sequence. The image is then
ored intensely in areas that oscillate at the selected
quency, e.g., in the glottal area. The image in Fig. 5 shows
example, illustrating the amplitude of the intensity variati
at the frequency of 210 Hz. The oscillating vocal folds a
intensely colored in red, since the light intensity variation
this area is great. The isolated red spots are artifacts ca
by light reflections in the wet mucosa. The position of suc
glare spot is highly sensitive to a tilting motion of the obje
since this causes the light beam to move. At a given p
this yields a great variation of light intensity and thus hi
amplitude and intense coloring, even though the motion
not large. Thus, such glare spots are of minor relevance
J. Acoust. Soc. Am., Vol. 110, No. 6, December 2001
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D. Full image, single frequency, including phase
information

A variant of the last method mentioned is to include t
phase information from the Fourier transforms as the hue
the color. In this display mode, those areas of the image
which the intensities oscillate in different phase will be co
ored differently. The images in Fig. 6 illustrate this displ
mode for a hyperfunctional breathy phonation as produ
by the same subject at a fundamental frequency of about
Hz. It must be noted, however, that this phonatory setting
not necessarily typical for a hyperfunctional breathy voice
can be seen that the vocal folds and the ventricular folds
differently colored, due to an inverse phase relation in
intensity fluctuations between these areas. Careful exam
tion of the high-speed recording confirmed that in this ph
nation the ventricular folds oscillated at the same freque
as the vocal folds, but in an opposite phase. Thus, the clo
phase of the glottis was synchronous with the maxim
separation of the ventricular folds. This is further illustrat
by Fig. 7.

IV. DISCUSSION

When using the method presented here, certain asp
should be kept in mind. The approach in this paper is ba
on light-intensity fluctuation. This leads to some problem
since it introduces a nonlinear transfer function from moti
to intensity. In particular, edges in the image will yie
higher amplitude than flat surfaces, since a motion in a
th
ecting the
FIG. 4. Three-dimensional representation of spectra at lines rather than at single pixels of the image shown in Fig. 3. They axis is identical with the one used
in that image. The vertical bars refer to the oscillation frequencies of light intensity. The bar at 210 Hz corresponds to the vibration frequency ofe vocal
folds. The weak bar at 420 Hz reflects the second partial of the nonsinusoidal light oscillation at 210 Hz. The bar near 100 Hz is an artifact refl
flickering frequency of the light source used in this recording.
3195S. Granqvist and P.-Å. Lindestad: High-speed laryngoscopy
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surface leads to little intensity variation. On the other ha
glare spots will receive high amplitude, as they can mo
considerably even for a small tilt of the surface. The amp
tudes of higher harmonics of the intensity oscillations se
relatively unimportant. To a large extent they are determin
by the transfer function from motion to intensity, rather th
by higher harmonics in the motion itself. Also, if the stru
tures oscillate at several frequencies, combination tones
appear that are not necessarily present in the motion. H
ever, if these limitations are kept in mind, the images se
quite useful for finding and displaying oscillatory mov
ments in different parts of the larynx. Even though t
method does not perform frequency analysis of the ac
motion in the larynx, it can still be useful for detecting cov
brations, e.g., in the ventricular folds or other structures cl
to the glottis. These vibrations might appear at the sa
frequency as that of the glottis, or at other frequencies.

Analysis of the movements of particular structures in
image would be advantageous. This, however, would req
identification of such structures within the image. Automa
identification of components within an image is a comp
cated task, containing many sources of error. The Fou
analysis method can reveal oscillatory movements of the
ynx, not obvious from direct inspection or kymography. R
evant information may emerge. For example, structures c
to the larynx may oscillate at frequencies other than tha

FIG. 5. Amplitude of oscillation, represented in terms of color saturation
a selected frequency~210 Hz!. The coloring has been superimposed on o
of the frames from the image sequence.
3196 J. Acoust. Soc. Am., Vol. 110, No. 6, December 2001
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the vocal folds. Such oscillations may interfere with t
folds’ normal vibration but are not possible to visualize wi
standard stroboscopy. While high-speed imaging reve
such phenomena, analysis of the actual frequencies at w
the structures oscillate is difficult. The case shown in Fig
is an example of this, where vibrations at about a quarte
the fundamental frequency can be seen in the mucosa co
ing the arytenoid cartilages. The presence of this frequenc
verified by the right kymogram in Fig. 7. Similar oscillation
have been observed by Sˇvec ~2000! who used external exci
tation to study the resonance properties of the larynx. In
study, large oscillations in the arytenoid cartilages and a
epiglottic folds were found in the range 50 to 75 Hz. T
lower frequency in the present example is probably due t
different phonatory setting with more relaxed ary-epiglot
folds. It could be speculated that such an oscillation co
disturb the glottal oscillation, especially near the phonat
threshold. In models of vocal-fold vibration it is mostly a
sumed that the folds are attached to a rigid wall~see, e.g.,
Flanagan and Landgrat, 1968; Titze, 1973; Liljencran
1991; Wonget al., 1991!. If the structures to which the voca
folds are attached vibrate, such a model would fail to pred
the behavior of the glottis. These types of oscillations
possible to visualize with kymography, but only at a sing
line of the image sequence. With the Fourier analy
method, the oscillations are visualized for one frequency
time, but for the entire image.

The method also seems useful in printed representat
of oscillations, where a moving playback of an image s
quence is not available. Typically, entire sequences of ima
must be presented, image by image. Using the method
sented here, the information contained in such sequences
be condensed to one or a few figures, particularly if a co
scale is available.

The method presented here was applied to a limited
terial provided by one single subject with a healthy voic
The method, however, seems promising, as it offers inform
tion on relevant aspects of phonatory vibrations, which
difficult to detect by other means. It should be worthwhile
test the method on a larger material, including different typ
of phonation and clinical diagnoses.

t

FIG. 6. Representations of intensity oscillations with different phases and covibrations. Phase relations are represented by color hue, and amplitude by color
saturation. Left image: oscillations at 130 Hz. Oscillations in the vocal folds and in the ventricular folds are shown in different colors due to opposite phase
in the intensity variations. Right image: oscillations at 30 Hz. The coloring reveals covibration in the mucosa covering the arytenoid cartilages.
S. Granqvist and P.-Å. Lindestad: High-speed laryngoscopy
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FIG. 7. Kymograms of the recording in Fig. 6. The le
panel shows a kymogram at the ventricular folds. It c
be seen that the closed phase of the glottis was sync
nous with the maximum separation of the ventricul
folds. The right panel shows a kymogram at the level
the arytenoid cartilages. On the right side of the kym
gram, a low-frequency oscillation can be seen, which
consistent with the findings in the right laryngeal imag
in Fig. 6.
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3197S. Granqvist and P.-Å. Lindestad: High-speed laryngoscopy


