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Abstract—Ultrafast plane wave ultrasonography is employed in this study to visualize the vibration of the larynx
and quantify the vibration phase as well as the vibration amplitude of the laryngeal tissue. Ultrasonic images were
obtained at 5000 to 10,000 frames/s in the coronal plane at the level of the glottis. Although the image quality
degraded when the imaging mode was switched from conventional ultrasonography to ultrafast plane wave ultra-
sonography, certain anatomic structures such as the vocal folds, as well as the sub- and supraglottic structures,
including the false vocal folds, can be identified in the ultrafast plane wave ultrasonic image. The periodic vibration
of the vocal fold edge could be visualized in the recorded image sequence during phonation. Furthermore, a motion
estimation method was used to quantify the displacement of laryngeal tissue from hundreds of frames of ultrasonic
data acquired. Vibratory displacement waveforms of the sub- and supraglottic structures were successfully ob-
tained at a high level of ultrasonic signal correlation. Moreover, statistically significant differences in vibration
pattern between the sub- and supraglottic structures were found. Variation of vibration amplitude along the sub-
glottic mucosal surface is significantly smaller than that along the supraglottic mucosal surface. Phase delay of vi-
bration along the subglottic mucosal surface is significantly smaller than that along the supraglottic mucosal
surface. (E-mail: mxwan@mail.xjtu.edu.cn or jingba@stu.xjtu.edu.cn) � 2016 World Federation for Ultra-
sound in Medicine & Biology.
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INTRODUCTION

The study of the physiology and pathology of phonation
relies heavily on observation techniques for visualizing
and recording the vibration of laryngeal tissue, especially
the vocal fold (Doellinger et al. 2011; Krausert et al.
2011; Shaw and Deliyski 2008). To observe the
vibration during phonation directly, high-frame-rate opti-
cal imaging techniques including high-speed video
endoscopy (Booth and Childers 1979; Mergell et al.
2000; Tao et al. 2007), for which the frame rate is
.2000 frames/s, and videokymography (Schutte et al.
1998; Svec and Schutte 1996), for which the frame rate
reaches 8000 frames/s, have been widely applied for
clinical and research purposes. However, when these
techniques are used, only the suprasurface of the glottis
is viewed at the horizontal plane when live human
ddress correspondence to:MingxiWan, Department of Biomed-
gineering, School of Life Science and Technology, Xi’an Jiao-
niversity, Xi’an 710049, China. E-mail: mxwan@mail.xjtu.edu.
ingba@stu.xjtu.edu.cn

2812
subjects are involved, because endoscopes are inserted
via the oral or nasal cavity and placed above the glottis.
Even if the newly developed technique based on optical
coherence tomography (several tens of frames per
second) is used, it is still difficult to image tissue more
than 2 mm deep below the mucosal surface (Kobler
et al. 2010; Yu et al. 2009). On the other hand,
extensive studies (Alipour et al. 2000; Story and Titze
1995; Zhang 2009) on modeling the vibratory behavior
of the multilayered structure of the vocal folds indicate
that it is necessary to investigate how the structures
beneath the mucosal surface are involved in the
vibration under various physiologic and pathologic
conditions. To observe and record the vibration of
tissue beneath the surface without either interfering
with voice production or exposing subjects to
unnecessary radiation, B-mode ultrasonography has
been introduced (Qin et al. 2011; Tang et al. 2013; Tsai
et al. 2009).

It should be noted that there are phase differences
between the vibrations of laryngeal tissues at different
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locations during voice production, and the phase differ-
ence varies under different vibration patterns (Bailly
et al. 2014; Nasri et al. 1996; Sakakibara et al. 2001;
Story and Titze 1995; Titze et al. 1993). Therefore,
quantifying the vibration phase is significant in the
comprehensive investigation of vibration patterns of
laryngeal tissue under various physiologic and
pathologic conditions. However, little information on
the vibration phase of laryngeal tissue has been
obtained in the previous studies because of the
limitation of the applied ultrasonic imaging technique.
The technique used in previous studies is generally
considered as conventional ultrasonography, in which
each frame recorded is constructed by multiple
scanlines acquired at different moments within one
frame period (Tanter and Fink 2014). The major limita-
tion of conventional ultrasonography is its low imaging
frame rate. B-Mode ultrasonography used by Tsai et al.
(2009) works at 40 frames/s, which is lower than the vi-
bration frequency of the larynx, which ranges from 72
to 1000 Hz, as reported in a previous study (Deliyski
et al. 2015). In our previous studies (Qin et al. 2011;
Tang et al. 2013), by drastically narrowing the field of
view (FOV) to 7.6 mm in width, the frame rate of
ultrasonography was increased to 800 frames/s.
However, it is still not high enough to provide sufficient
sampling of the vibration phases. Moreover,
quantification of the phase difference between tissues at
different locations is also impeded by the non-
negligible time lag between acquisitions of the scanlines.

Ultrafast plane wave ultrasonography has been suc-
cessfully used for visualization and measurement of tis-
sue vibration in the form of artificially induced shear
waves (Sandrin et al. 1999, 2002) or natural waves such
as the arterial pulse wave (Couade et al. 2011). The appli-
cation of this technique for imaging of laryngeal vibration
was reported in our preliminary study (Jing et al. 2015).
The major advantage of this technique is that, without
sacrificing the size of the FOV, the frame rate could reach
thousands of frames per second, which is much higher
than the frame rate of conventional ultrasonography.
Thus, it ensures a sufficient sampling of the laryngeal vi-
bration. Moreover, the acquisition lag between scanlines
is eliminated, and a near-instantaneous snapshot of tissue
movement can be obtained. The advantages mentioned
above suggest that ultrafast plane wave ultrasonography
could potentially be used to quantify the vibration phase
as well as the amplitude of laryngeal tissue.

One potential problem of ultrafast plane wave ultraso-
nography is that the high frame rate (#10,000 frames/s) is
usually achieved with a compromise of image quality, as re-
ported in the previous study (Montaldo et al. 2009). There-
fore, it is necessary to elucidate the feasibility of applying
this technique for visualization and quantification of the
vibration of the larynx. In the present study, ultrafast plane
wave ultrasonography is employed to visualize the vibration
of laryngeal tissue. The ultrafast plane wave imaging mode
was programmed on an ultrasound scanner. The plane wave
ultrasonic images of the larynx were acquired in the coronal
plane at the same location as the images acquired using con-
ventional ultrasonography in previous studies (Qin et al.
2011; Tang et al. 2013; Tsai et al. 2009). The difference
between the images obtained with the two imaging
techniques was addressed when we tried to identify
certain laryngeal structures from the ultrafast plane wave
ultrasonic images. As only one of the paired vocal folds
can be visualized because the trachea lumen lies between
the vocal folds, the vibratory status of the glottis cannot
be directly visualized in the ultrasonic image. Therefore,
the electroglottography (EGG) signal, which served as an
indicator of the vibration status of the glottis, was
acquired simultaneously. Because low echogenicity (i.e.,
low signal-to-noise ratio) could result in poor estimation
of tissue displacement, the echogenicity of different parts
of the larynx was evaluated under different emitting fre-
quencies. Furthermore, we tried to quantify the displace-
ment of the vocal fold body and the vocal fold edge, as
well as sub- and supraglottic structures, using an ultrasonic
radiofrequency (RF) data–based motion estimation algo-
rithm. Therefore, we could further obtain the amplitude
and the phase difference of vibration of tissues at multiple
locations in the larynx.Moreover, the difference in vibration
patterns between different laryngeal structures was investi-
gated in this study.
METHODS

Acquisition of ultrasonic images
The ultrasonic imaging probe used in the present

study is a linear array transducer (L14-5/38, Ultraso-
nix, Richmond, BC, Canada) designed for imaging
of small structures in the head and neck regions.
The ultrafast plane wave ultrasonic imaging sequence
was programmed to work on an ultrasound scanner
(SonixTouch, Ultrasonix, Richmond, BC, Canada).
Emission of an ultrasonic plane wave was achieved
by triggering all the elements of the transducer array
at the same time to insonify the whole FOV. In the
meantime, ultrasound echoes were received by each
element of the linear array transducer and digitized
by a 128-channel parallel data receiver (SonixDAQ,
Ultrasonix). In the full imaging depth, the gain of
the data receiver remained fixed at the maximum.
Then, the digitized RF ultrasound echo was used as
the input of a delay-and-sum beamformer to generate
beamformed RF data. The Hilbert transform was used
to produce the envelope of the beamformed RF data.
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Gray-scale ultrasonic images were obtained by adjust-
ing the dynamic range of the envelope data.

It should be noted here that each frame of ultrasonic
images was acquired after a single emission of ultrasonic
plane waves. The imaging frame rate is higher than the
minimum frame rate requirement (4000 frames/s) for
voice assessment (Deliyski et al. 2015). As the inter-
frame displacement of vibrating laryngeal tissue could
be as large as 0.2 mm (5000 frames/s) because of the
high velocity of the vibration (i.e., above 1 m/s), coherent
plane wave compounding could result in additional se-
vere motion blurring of ultrasonic images, as described
in a previous study (Denarie et al. 2013). Thus, no
coherent compounding method was used in the present
study. The parameter settings of the ultrasonic imaging
system are listed in Table 1.
Experiment setup
The probe was placed on the neck skin surface at

the level of the glottis. Images of the larynx were ob-
tained in the coronal plane so that the FOV could cover
the glottis as well as sub- and supraglottic structures,
including the false vocal folds (Fig. 1a). One problem
that may arise in the use of ultrasonography for laryn-
geal imaging is the degree to which the ultrasound
beam is reflected by the thyroid cartilage. This effect
is a function of the degree to which the cartilage in
question resembles bone. Ossification of the thyroid
cartilage is commonly observed in older adults
(Bozzato et al. 2007; Hu et al. 2010). Actually, we
also conducted a pilot study on a 54-year-old man
with significant ossification to test the degree to which
our method is affected by ossification. The results
confirmed that ultrasonography using our technique is
negatively affected by ossification. Therefore, to mini-
mize the likelihood of ossification, all participants re-
Table 1. Parameter settings of the ultrasonic imaging
system

Parameter Setting

Probe Linear array
transducer

Number of elements 128
Pitch, mm 0.3048
Emitting frequency, MHz 5, 8, 10, 13.3
Probe center frequency, MHz 7.2
Frame rate, frames/s 5000, 10,000
Number of pulse cycles 1
Sampling rate, MHz 80
Beamformer Delay and sum

(Hanning window
apodization)

F number for dynamic receive 2
Dimensions of field of view, mm
Width 38
Depth 25
cruited for this study were younger than 30 years of
age. Ten volunteers (4 women and 6 men, aged 23 to
30 years) without any history of laryngeal disorders
were recruited into the experiment.

During the experiment, participants were instructed
to breathe quietly for a short period and then to begin pro-
ducing sustained/u/at a comfortable pitch and loudness
for several seconds. The ultrasonic images were acquired
at 5000 frames/s at the same time to record the onset of
laryngeal vibration. In an additional experiment, the
frame rate was increased to 10,000 frames/s.

The electroglottograph, an instrument used to non-
invasively register glottal vibratory movements by
measuring the electrical impedance variations across
the glottis (Childers et al. 1986), was employed in this
study as a reference. The EGG (Model EG2-PC, Glottal
Enterprises, Syracuse, NY, USA) signal was acquired at
50 kHz using a data acquisition module (GAGE 14100,
Gage Applied Technologies, Montreal, QC, Canada). Ac-
quisitions of ultrasonic images and EGG signals were
started simultaneously using the same trigger pulse to
activate both the ultrasonic scanner and the data acquisi-
tion module. This study was approved by the Biomedical
Ethics Committee of Xi’an Jiaotong University, and
signed informed consent forms were obtained from all
participants.

Quantification of vibration amplitude and phase
difference

First, a motion estimation algorithm (Walker and
Trahey 1995) based on normalized cross-correlation
was used to estimate inter-frame displacement of sub-
and supraglottic tissues from consecutive frames of
beamformed RF data. The size of the sliding kernel win-
dow is 0.29 mm in the horizontal direction (axis Z in
Fig. 1a) and 0.3 mm in the vertical direction (axis X in
Fig. 1a). The size of the post-frame searching window
is 0.58 mm in the horizontal direction and 0.3 mm in
the vertical direction. The results of measurement of
sub- and supraglottic vibrations using this set of kernels
are illustrated in Figures 2–6. The estimation is carried
out every 0.1 mm along the horizontal direction and
every 0.3 mm along the vertical direction. The RF
signal segments are upsampled by a factor of 20 in the
horizontal direction before calculation of the
normalized cross-correlation function. Note that only
the tissue displacement in the direction of the ultrasound
beam is estimated using this algorithm. This means only
the vibration along the horizontal direction (indicated by
the axis Z in Fig. 1a) is measured.

Furthermore, the sliding kernel window and post-
frame searching window used for motion estimation
were expanded to 0.58 mm in the horizontal direction,
0.9 mm in the vertical direction and 1.45 mm in the



Fig. 1. Setup for imaging of the larynx and the acquired ultrasonic images. (a) Relative position of the ultrasound trans-
ducer and laryngeal structures. The horizontal and vertical directions are referenced to the subject. The horizontal direc-
tion is indicated by the z-axis. The vertical direction is indicated by the x-axis. (b) Frame of conventional B-mode
ultrasonic images of the region under investigation. The location of the hypo-echoic cover layer is pointed out in the im-
age. (c) Identification of the laryngeal structures in the ultrafast plane wave ultrasonic image. Four arrowheads in (b) and
(c) indicate the location of the thyroid cartilage. The long arrow and short arrow point to the edges of the false vocal fold
and the vocal fold, respectively. The double-headed arrow points to the neck skin. Reverberation artifacts in the trachea
lumen are indicated by the dashed ellipse. The supraglottic region, the vocal fold body, the subglottic region and the re-
gion where the noise floor is estimated are indicated by white rectangles numbered 1, 2, 3 and 4 respectively in (c). The
curve near the bottom of the region 3 indicates the location of the subglottic mucosal surface. The white cross mark in (c)
is at the vocal fold edge. The white round dot right above the cross mark is in the vocal fold body. (d) Short segment of
electroglottography (EGG). (e) Simultaneously acquired ultrasonic images (decimated to 1000 frames/s). The closing and
opening phases are pointed out in (d). The black dots in (d) indicate the moment of acquisition of ultrasonic images, and

the black circles indicate the moment of acquisition of the images in (e).
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horizontal direction, 1.8 mm in the vertical direction,
respectively, to track and estimate the vibration displace-
ment of the vocal fold edge and body. As the vibration ve-
locity of the vocal folds could reach 1.34 m/s (Doellinger
and Berry 2006), the windows were so expanded in case
there was any large out-of-window displacements
causing erroneous estimation. The results of measure-
ment of vocal fold vibration using this set of kernels are
illustrated in Figures 7 and 8. The RF signal segments
are upsampled by a factor of 20 in the horizontal
direction and 10 in the vertical direction before
calculation of the normalized cross-correlation function.
The motion estimation method used in this study is based
on the basic principle that inter-frame tissue displacement
is estimated by searching for the best-matched pair of
signal segments between two neighboring frames. Severe
signal decorrelation is usually one of the major causes of
poor estimation of tissue displacement (Ramamurthy and
Trahey 1991). Therefore, to monitor this decorrelation ef-
fect, the normalized cross-correlation coefficient between
the displaced and best-matched reference signal seg-
ments, which serves as an indicator of signal decorrela-
tion, is also provided in the results. Moreover, large
inter-frame displacement of vocal fold tissue, which is
due to the high velocity (i.e., above 1 m/s) of the vibration
of the vocal fold, could potentially lead to severe signal
decorrelation and therefore compromise the performance
of the motion estimation method. To minimize the likeli-
hood of severe signal decorrelation during the estimation
of vocal fold displacement, an additional experiment was
conducted to minimize the inter-frame displacement of
fast vibrating vocal fold tissue by increasing the frame
rate to 10,000 frames/s. Because of the limitation of the
current hardware, the frame rate was not tripled to
15,000 frames/s. Thus, we were able to test if the estima-
tion of vocal fold displacement was improved by signifi-
cantly increasing the imaging frame rate.

The displacement waveform is obtained by cumula-
tively summing the inter-frame displacement with respect
to time. Before quantification of vibration amplitude and



Fig. 2. Vibration amplitude of tissue in the (a) supraglottic re-
gion (region 1 in Fig. 1c) and (b) subglottal region (region 3
in Fig. 1c). The white curve in (b) indicates the position of the
subglottic mucosal surface. Locations of interest are indicated

by P1, P2, P3, P4, P5, P6, P7 and P8 in (a) and (b).
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the phase difference, a high-pass zero-phase digital filter
(230 dB at 10 Hz,21 dB at 55 Hz) was employed to re-
move the low-frequency drift from the vibration displace-
ment waveform. After the vibration displacement
waveform is obtained, the vibration amplitude of laryn-
geal tissue is also obtained. The phase difference between
the vibrations of tissues at two neighboring locations is
quantified using a time delay estimator based on normal-
ized cross-correlation analysis. There is no upsampling of
the displacement waveform before the normalized cross-
correlation analysis. The displacement waveform
segment, including the onset of the vibration, is used
for the normalized cross-correlation analysis to deter-
mine the time delay (i.e., the phase delay).
RESULTS

Imaging of the larynx
Images of the larynx obtained during phonation us-

ing ultrafast plane wave ultrasonography are provided in
Figure 1c and e. Figure 1b is a frame of the conventional
ultrasonic image acquired at the same anatomic location.
Identification of laryngeal structures has been achieved
using conventional ultrasonography in previous studies
(Hu et al. 2010; Tsai et al. 2009). Although it was
previously claimed (Montaldo et al. 2009; Tanter and
Fink 2014) that the image quality of the technique used
in the present study is poorer than that of conventional
ultrasonography, the results indicate that certain
laryngeal structures still can be identified in the
ultrafast plane wave ultrasonic image (Fig. 1c). The
neck skin is identified as an echogenic multilayer struc-
ture in the ultrasonic image. The outer and inner bound-
aries of the thyroid cartilage that lies below the neck
skin are identified as two echogenic lines in the images.
More importantly, the images obtained in this study
(Fig. 1c) indicate that, for our study participants, the ul-
trasound beam was transmitted effectively through the
thyroid cartilage, as the laryngeal structures below the
cartilage are visible. The edges of the vocal fold and the
false vocal fold can be identified as two short hyper-
echoic curves, which is consistent with the results ob-
tained using conventional ultrasonography (Hu et al.
2010). The strong echo intensity at the edges and rever-
beration artifacts near the edges indicate that the ultra-
sound beam is fully reflected at the air–mucosa interface.

As illustrated in Figure 1c, apart from the hyper-
echoic vocal fold edge, the vocal fold body appears to
be a hypo-echoic structure. It should be noted that the
body layer and vocal fold body are two different terms.
In this article, the vocal fold body refers to the whole
body of the vocal fold apart from the edge. The body
layer, which is a universally accepted term used in Hira-
no’s cover-body model of the vocal fold, refers specif-
ically to the structure that lies below the cover layer
(Hirano 1974). In conventional ultrasonic images
(Fig. 1b), the cover layer, although not very clear, can
be distinguished from the body layer and appears to be
a thin hypo-echoic layer above the hyper-echoic edge
of the vocal fold. On the other hand, in ultrafast plane
wave ultrasonic images, the body layer and cover layer
are not distinguishable from each other. Despite this, it
can be seen in Figure 1c that the supraglottic tissue
including the false vocal fold and the subglottic tissue
appear echoic in contrast to the hypo-echoic vocal fold
body. This is consistent with the results obtained using
conventional ultrasonography (Hu et al. 2010).

The signal-to-noise ratio (SNR) was introduced to
evaluate the echogenicity of different parts of the larynx.
The SNR was calculated from the RF data without
applying time-gain-control or log scaling. It was calcu-
lated as the ratio of the signal magnitude in the region
of interest (ROI) to the magnitude of the noise floor.
The noise floor was estimated in the anechoic region,
where there is no scatterer (region 4 in Fig. 1c). SNRs
at the vocal fold body as well as sub- and supraglottic re-
gions are illustrated in Figure 9. There was no significant



Fig. 3. Vibration of the supraglottic tissue. (a) Vibration waveforms of tissue at locations P1, P2, P3 and P4 and the cor-
responding correlation coefficients. (b) Amplitude of the vibration. (c) Phase delay between neighboring locations.
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difference in SNR between emitting frequencies of 5 and
8 MHz (repeated-measures analysis of variance [AN-
OVA], p 5 0.236). However, the SNR obtained at
8 MHz was significantly higher than that at 10 and
13.3 MHz, respectively (post hoc test, p, 0.001). More-
over, the SNR at the vocal fold body was significantly
lower than that of the sub- and supraglottic regions,
respectively (post hoc test, p , 0.001), which agrees
with the earlier observation that the sub- and supraglottic
tissues appear echoic in contrast to the hypo-echoic vocal
fold body.

The ultrasonic images in Figure 1c and e were
captured when phonation occurred, as indicated by the
EGG waveform in Figure 1d. It can be observed that
the spatial location, brightness and shape of the echoic
speckles at the edge of the vocal fold change periodically
during phonation. The opening and closing phases of the
glottis could be identified in the EGG waveform. As indi-
cated by the black dots (i.e., moments of frame acquisi-
tion) in the EGG waveform, the high-frequency fast
closing phase of the vibration, which is the steep rising
edge in the EGG waveform, is well sampled by ultrafast
plane wave ultrasonography working at 5000 frames/s.
This is consistent with the recommendation that the frame
rate should be high enough to ensure the acquisition of at
least 16 frames per vibration cycle to warrant sufficient
representation of the glottal phases, even at low phonation
frequency (i.e., mean value at 125 Hz for men and 250 Hz
for women) during normal vocal gestures (Deliyski
2010). From the end of the opening phase to the begin-
ning of closing phase (350–354 ms), the edge of the
vocal fold appears to be bright hyper-echoic speckle.



Fig. 4. Averaged amplitude difference between P1, P2, P3 and
P4 in the supraglottic region and averaged amplitude difference
between P5, P6, P7 and P8 in the subglottic region. Data are

from 10 independent observations of the subjects.
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This indicates that ultrasound is mostly reflected at the
air–mucosal interface when the contact area between
the pair of vocal folds drastically decreases in the opening
phase. From the beginning of the closing phase to the end
of the opening phase (355–358 ms), the speckle at the
vocal fold edge appears dimmer than that before the clos-
ing phase, indicating that ultrasound is less reflected back
to the transducer and penetrates through to the other side
of the glottis when the paired vocal folds contact each
other during the closing phase.
Vibration of the supraglottic tissue
The motion estimation algorithm was used to quan-

tify the displacement of tissues at four locations, P1, P2,
P3 and P4 (Fig. 2a). These four locations are near the
mucosal surface of the supraglottic tissue. The distance
Fig. 5. Averaged delay between P1, P2, P3 and P4 in the supra-
glottic region and averaged delay between P5, P6, P7 and P8 in
the subglottic region. Data are from 10 independent observa-

tions of the subjects.
between these locations is about 2.4 mm. Displacement
of the tissue was obtained at a high level of RF signal cor-
relation as the correlation coefficient is.0.95, which in-
dicates that there is no severe decorrelation causing poor
estimation of tissue vibration displacement. Actually, the
transition from static state to stationary vibration during
the onset of phonation can be visualized in the displace-
ment waveforms (Fig. 3a), which indicates that the vibra-
tion displacement waveform of the supraglottic tissue
was successfully quantified. The vibration amplitude is
gradually growing to its maximum in the transition.

The amplitude of the quasi-periodic vibration of the
supraglottic tissue is illustrated in Figure 2a, where it can
be seen that the vibration amplitude of the tissue in the
small area at the bottom right is much larger than that
at the remaining locations in the region. In Figure 3b,
the vibration amplitude gradually decreases from location
P1 to location P4. The same pattern is observed for all
subjects. To quantify this variation in vibration ampli-
tude, the averaged amplitude difference between P1,
P2, P3 and P4 in the subglottic region, for all subjects,
is calculated according to the equation (Fig. 4)

Amp_diff_averaged5

½jAmp12Amp2j1jAmp22Amp3j1
jAmp32Amp4j�=Ampmax=3

(1)

where Amp1, Amp2, Amp3 and Amp4 denote the vibra-
tion amplitudes of tissues at locations P1, P2, P3 and
P4 respectively. The vertical lines denote the absolute
value. Ampmax denotes the maximum vibration ampli-
tude of supraglottic tissue among locations P1 to P4.
Amp_diff_averaged is the averaged amplitude difference
between P1, P2, P3 and P4 in the subglottic region. In the
comparison of vibration patterns between sub- and supra-
glottic tissues, the relative difference rather than the abso-
lute difference is investigated. Thus, the averaged
amplitude difference illustrated in Figure 4 was obtained
by normalizing the absolute difference between locations
by the maximum vibration amplitude. The result indi-
cates that the averaged difference in vibration amplitudes
between neighboring locations in the supraglottic region
is.20% of the maximum vibration amplitude for all sub-
jects (Fig. 4).

As indicated by the vertical dashed line in Figure 3a,
there are phase differences between thevibrations of the tis-
sues at different locations. The quantitative results indicate
that the vibration of the tissue at P1 is earlier than that of the
tissues at P2, P3 andP4 (Fig. 3c).Apattern is observed in all
subjects: the vibration phase of the tissue closer to the right
boundary of the supraglottic region occurs earlier than that
of the tissue farther from the right boundary. The averaged
phase delay between neighboring locations (i.e., P1, P2, P3



Fig. 6. Vibration of the subglottic tissue. (a) Vibration waveforms of tissue at locations P5, P6, P7 and P8 and the cor-
responding correlation coefficients. (b) Amplitude of the vibration. (c) Phase delay between neighboring locations.
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and P4) in the supraglottic region is calculated for all sub-
jects according to the equation (Fig. 5)

Averaged_delay5

½jDelayP22P1j1jDelayP32P2j1jDelayP42P3j�=3
(2)

where DelayP22P1, DelayP32P2 and DelayP42P3 denote
the vibration phase delays between the neighboring loca-
tions. The averaged phase delay in the supraglottic region
could reach 2 ms (Fig. 5).
Vibration of the subglottic tissue
The motion estimation algorithm was used to quan-

tify the displacement of tissue at four locations, P5, P6,
P7 and P8 (Fig. 2b). These four locations are near the
mucosal surface of the subglottic tissue. The distance
between these locations is about 2.4 mm. The displace-
ment of the tissue was obtained at a high level of RF
signal correlation, as the correlation coefficient is still
high above 0.95. There is no severe decorrelation
causing poor estimation of tissue vibration displace-
ment, similar to the quantification of supraglottic vibra-
tion displacement. The transition from static to
stationary vibration is observed in the vibration wave-
forms in Figure 6a.

The amplitude of vibration of subglottic tissue is
illustrated in Figure 2b. It can be seen that the vibra-
tion amplitude of tissue nearer to the curved mucosal
surface is larger than that of tissue farther away from
the surface. Moreover, variation in vibration amplitude



Fig. 7. Vibration of the vocal fold edge. (a) Two frames of images of the vocal fold edge acquired at two different periods
during phonation. (b) Displacement waveform obtained at 5000 frames/s. (c) Displacement waveform obtained at 10,000
frames/s. The green bands in (b) and (c) indicate the period during which the hyper-echoic vocal fold edge was contin-
uously tracked at high levels of signal correlation. The red bands in (b) and (c) indicate the period during which the vocal

fold edge turns hypo-echoic and is unable to be tracked because of severe signal decorrelation.
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along the subglottic mucosal surface (Figs. 2b and 6b)
appears to be smaller than that along the supraglottic
mucosal surface (Figs. 2a and 3b). In addition, the
vibration phase delay between neighboring locations
at the subglottic region (Fig. 6c) is much smaller
than that at the supraglottic region (Fig. 3c). Further-
more, a quantitative statistical comparison of vibration
patterns (i.e., amplitude variation and phase delay) be-
tween the sub- and supraglottic regions was carried
out. The averaged amplitude difference between neigh-
boring locations (P5, P6, P7 and P8) in the subglottic
region was calculated for all subjects by replacing
the supraglottic vibration amplitudes (i.e., Amp1,
Amp2, Amp3, Amp4 and Ampmax) in eqn (1) with the
subglottic vibration amplitudes (i.e., Amp5, Amp6,
Amp7, Amp8 and Ampmax). The averaged phase delay
between neighboring locations (i.e., P5, P6, P7 and P8)
in the subglottic region was calculated for all subjects
by replacing the supraglottic delays (i.e., DelayP22P1,
DelayP32P2 and DelayP42P3) in eqn (2) with the sub-
glottic delays (i.e., DelayP62P5, DelayP72P6 and
DelayP82P7). As the data (i.e., either averaged ampli-
tude difference or averaged phase delay) were obtained
in two different regions (i.e., sub- and supraglottic re-
gions) in each subject, a paired-sample t-test was em-
ployed to compare the means of the data obtained in
the two different regions. The data obtained from all
subjects (Fig. 4) indicate that the averaged amplitude
difference between the locations in the subglottic re-
gion is significantly smaller than that in the supraglot-
tic region (paired sample t-test, p , 0.001). This result
indicates that the variation in vibration amplitude
along the subglottic mucosal surface is significantly
smaller than that along the supraglottic mucosal sur-
face. Moreover, data obtained from all subjects
(Fig. 5) indicate that the averaged phase delay between
the locations in the subglottic region is significantly
smaller than the averaged phase delay between the lo-
cations in the supraglottic region (paired sample t-test,
p , 0.001).



Fig. 8. Vibration of the vocal fold body. (a) Displacement waveform obtained at 5000 frames/s. (b) Displacement wave-
form obtained at 10,000 frames/s. The cross-correlation coefficient is provided in the middle row in (a) and (b). The elec-

troglottography (EGG) waveform is shown in the bottom row in (a) and (b).
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Vibration of the vocal folds
In our pilot experiment, the results of measurement

of vocal fold vibration obtained using the set of small ker-
nels were quite noisy because of the severe decorrelation
issue. Considering that the inter-frame displacement of
the vibrating vocal folds could reach 0.2 mm (5000
frames/s) because of the high velocity of the vibration
(i.e., above 1 m/s) (Doellinger and Berry 2006), the size
of the kernel window could be potentially too small to
see the large inter-frame displacements. Therefore, dur-
ing estimation of the vibration displacement of vocal
fold tissue, the kernel windows used in the motion estima-
tion algorithm were expanded to prevent any large out-of-
window displacement causing erroneous estimation and
severe decorrelation. Although the windows were
expanded in both the horizontal and vertical directions,
only the displacement in the horizontal direction is shown
in the results because of the limited lateral resolution. The
Fig. 9. Box plot of the range of echo signal-to-noise ratios at th
glottic region. These regions are pointed out in Figure 1c. On e
box are the 25th and 75th percentiles. The whiskers extend to t

liers are plotted i
ultrasonic data illustrated in Figures 7 and 8 were
acquired at 10,000 frames/s using ultrafast plane wave
ultrasonography. By decimating the data by a factor of
2, we obtained a set of data at a frame rate of 5000
frames/s. Therefore, both the original data (10,000
frames/s) and the decimated data (5000 frames/s) were
obtained in a single acquisition from the subjects.

First, the motion estimation algorithm was used to
quantify the displacement of the edge of the vocal fold
(the location indicated by a white cross mark in
Fig. 1c). The displacement waveform is illustrated in
Figure 7b and c. A state of periodic vibration was estab-
lished after phonation occurred, as indicated by the EGG
waveform in Figure 7b and c. However, the displacement
obtained by using the motion estimation algorithm ap-
pears chaotic and noisy. In addition, there was no signif-
icant improvement of the estimation of the vibration
displacement when the imaging frame rate was increased
e (a) vocal fold body, (b) supraglottic region and (c) sub-
ach box, the central mark is the median. The edges of the
he most extreme data points not considered outliers. Out-
ndividually.
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to 10,000 frames/s. As illustrated in the middle rows in
Figure 7b and c, the decorrelation is so severe that the cor-
relation coefficient drops to 0.5, which indicates that
signal decorrelation causes the failure to continuously
track the periodic oscillation of the vocal fold edge. How-
ever, there is a period in each vibration cycle when the
correlation coefficient remains above 0.9 (indicated by
the dashed lines in the middle rows in Fig. 7b and c),
which indicates that there is no severe decorrelation
causing erroneous estimation of displacement in this
period of time. On further investigation, it can be seen
that the vocal fold edge appears to be a hyper-echoic
curve during the period when the correlation coefficient
remains above 0.9 (indicated by the green bands in
Fig. 7b and c). On the other hand, the echo intensity of
the vocal fold edge drastically decreased during the
period when the correlation coefficient dropped below
0.9 (indicated by the red bands in Fig. 7b and c). The
vocal fold edge turned from a hyper-echoic structure
into a hypo-echoic structure (Fig. 7a).

Furthermore, the motion estimation algorithm was
also used to quantify the displacement of tissue at the
vocal fold body (the location indicated by a round dot
in Figure 1c, 3 mm above edge of the vocal fold). The
displacement waveform is illustrated in Figure 8. As
shown in the displacement waveform, the vocal fold tis-
sue remained static before the onset of phonation. After
phonation occurred, the motion estimation method failed
to track the movement of the vocal fold body, which
vibrated periodically, as indicated by the EGGwaveform.
As illustrated in the middle rows in Figure 8a and b, the
signal decorrelation was so severe that the correlation co-
efficient dropped below 0.7, which indicates that signal
decorrelation caused the failure to track the vibration of
the vocal fold body. In addition, there was no significant
improvement in estimation of the vibration displacement
when the imaging frame rate was increased to 10,000
frames/s.
DISCUSSION

In the present study, the vibration of the hyper-
echoic vocal fold edge was visualized using ultrafast
plane wave ultrasonography (Fig. 1e). On the other
hand, in the ultrafast plane wave ultrasonic images, the
body of the vocal fold appeared to be a hypo-echoic struc-
ture without any layered structure inside. Therefore, the
vibration of the tissue in the vocal fold body was not
visible. This does not agree with the results obtained us-
ing conventional ultrasonography. According to previous
investigations using conventional ultrasonography (Qin
et al. 2011; Tang et al. 2013; Tsai et al. 2009), the vocal
fold can be divided into two distinguishable layers of
different echo intensities in the image. Tsai et al. (2009)
and Qin et al. (2011) proved that the echoic layer and
hypo-echoic layer represent the body layer and cover
layer, respectively. Moreover, the vibration of the body
layer of the vocal fold can be visualized and quantified us-
ing conventional ultrasonography, as described in our
previous studies (Qin et al. 2011; Tang et al. 2013). In
the present study, the result that the layered structures
of the vocal fold are not identifiable indicates the
degradation of image contrast when the imaging mode
was switched from conventional ultrasonography to
ultrafast plane wave ultrasonography. This is not
unexpected, as the previous investigation (Montaldo
et al. 2009) revealed that the image contrast and SNR
were lower in ultrafast plane wave ultrasonography than
in conventional ultrasonography because of the lack of
transmit focusing. We also investigated the echo intensity
of the vocal fold tissue under different emitting fre-
quencies. The results indicate that there is a significant
decrease in echo intensity of the vocal fold tissue when
the ultrasound emitting frequency is increased. This is
probably attributable to the frequency-dependent attenu-
ation effect of the tissue and the limited bandwidth of the
ultrasonic transducer.

The severe signal decorrelation caused the failure to
track the periodic oscillation of the vocal fold body in the
present study. The decorrelation is usually caused by out-
of-plane displacement, large inter-frame displacements
induced by high motion rate, poor SNR and other factors.
Although an increasing frame rate has been reported to be
useful in reducing decorrelation caused by a high motion
rate (Park et al. 2007; Wu et al. 2010), no significant
improvement in the estimation of vibration
displacement was obtained in this study when the
imaging frame rate was increased to 10,000 frames/s.
Another potential cause of the poor estimation of tissue
displacement is the low SNR of the echo in the vocal
fold body. According to a previous study, the
performance of the normalized cross-correlation algo-
rithm could drastically decrease at low SNR (Walker
and Trahey 1995).

In our previous studies (Qin et al. 2011; Tang et al.
2013), we were unable to track the movement of the
vocal fold edge. Although, in the present study,
continuous tracking of the movement of the vocal fold
edge during the whole vibration cycle was also
unachievable, there was a period in each cycle during
which the hyper-echoic vocal fold edge could be success-
fully and continuously tracked at a high level of signal
correlation (Fig. 7). The glottis was open during this
period, and there was little contact between the paired
vocal folds, as the high echo intensity of the vocal fold
edge indicated the strong reflection of ultrasound at the
air–mucosa interface. However, when the echo intensity
of the vocal fold edge drastically decreased, the
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performance of motion estimation degraded causing the
failure to continuously track the movement of the vocal
fold edge. The decrease in echo intensity is most probably
attributable to the contact of the paired vocal folds as
illustrated in Figure 1. However, another potential cause
of the decrease in echo intensity that should not be pre-
cluded is the anisotropic reflection of the ultrasound at
the air–mucosa interface, of which the normal direction
changes drastically during vibration.

One of the supraglottic structures to which re-
searchers have been paying much attention is the false
vocal folds. Although the echo intensity of the false vocal
fold lying in the supraglottic region is significantly higher
than that of the vocal fold body (Figs. 1c and 9), the
vibration of the false vocal fold is not as obvious as the
vibration of the vocal fold edge in the ultrasonic image
sequence. By employing the motion estimation method,
the vibration of the false vocal folds is successfully
visualized in the displacement waveforms. The false
vocal folds, which have been proved to act as an
acoustical filter and an aerodynamic flow regulator
(Alipour et al. 2007; Pepinsky 1942) during voice
production, have usually been modeled as a rigid non-
oscillatory structure in previous studies (Li et al. 2008;
McGowan and Howe 2010; Zhang et al. 2002).
However, the results of the present study reveal that the
amplitude of the false vocal fold vibration could reach
several tens of micrometers during normal phonation
tasks (Fig. 3b). These results suggest that the false vocal
folds actually act as a pliable structure during phonation,
which is consistent with the conclusions of previous
studies (Alipour and Finnegan 2013; Bailly et al. 2014).
In addition, according to previous reports, the vibration
amplitude of the false vocal folds could reach several
millimeters during pathologic phonation (Lindestad
et al. 2004; Nasri et al. 1996; Von Doersten et al. 1992).
The results of the present study indicate that the false
vocal fold can be identified as an echogenic structure in
ultrafast plane wave images (Fig. 1c). Therefore, ultrafast
plane wave ultrasonography, which is a non-invasive and
well-tolerated medical imaging technique when
compared with high-speed optical laryngeal endoscopy,
can be employed as an alternative to detect and visualize
the false vocal fold oscillation that accompanies certain
types of vocal disorders. The phase delay of the tissue vi-
bration illustrated in Figure 5 indicates that the vibration
spreads along the mucosal surface of the false vocal folds
and the supraglottic region in the form of a wave that
travels at approximately 1.2 to 6 m/s. Observation of
the false vocal fold mucosal traveling wave was first re-
ported in a previous investigation in which the false vocal
fold vibration was recorded in the horizontal plane from
above the glottis using a stroboscopic endoscope (Nasri
et al. 1996). Moreover, previous studies (Bailly et al.
2014; Sakakibara et al. 2001) in which the false vocal
fold is modeled as two vertically spring-connected
masses that vibrate at different phases reported that the
traveling wave could be an indispensable component of
the false vocal fold vibration. However, there is no previ-
ous report of measurement of the speed of this wave. To
the best of our knowledge, this is the first time that the
speed of the traveling wave in the false vocal folds has
been quantified.

The result that the delay of the vibration between the
tissues at neighboring locations near the subglottic
mucosal surface is around zero (Fig. 6c) indicates that
the subglottic tissues vibrate nearly synchronously during
phonation. The results illustrated in Figures 4 and 5 also
indicate that the vibration pattern of the subglottic tissue
is significantly different from the vibration pattern of the
supraglottic tissue. The statistically significant difference
in vibration pattern between the sub- and supralgottic
tissues indicates potential differences in tissue
mechanical property. Moreover, the tissue mechanical
property could vary over time, possibly as a result of
pathologic changes such as stenosis (Wan et al. 2014)
and carcinoma (Ophir et al. 2000). Therefore, the varia-
tion in the vibration pattern may be interpreted as a corre-
late of pathologic changes such as carcinoma (Sessions
et al. 1975) in the subglottic region and upper trachea.
This technique has potential value in the detection of
pathologic changes in subglottic region and upper
trachea.
CONCLUSIONS

In the present study, the feasibility and limitations of
applying ultrafast plane wave ultrasonography for visual-
ization and quantification of the phase and amplitude of
the vibration of the laryngeal tissue were elucidated.
This study reveals that laryngeal structures including
the vocal folds, the thyroid cartilage and the sub- and
supraglottic structures can be identified in ultrasonic im-
ages acquired using ultrafast planewave ultrasonography.
The difference in echogenicity between the vocal fold
body and the sub- and supraglottic structures was also
observed in the present study. The SNR of the ultrasound
echo in the sub- and supraglottic regions was significantly
higher than that in the vocal fold body. Moreover, the vi-
bration of the vocal fold edge can be visualized using ul-
trafast plane wave ultrasonography.

Moreover, we found that displacement of the
vibrating sub- and supraglottic structures could be
achieved at a high level of RF signal correlation using a
motion estimation algorithm. The transition from the
static state to the stationary periodic vibration of the
sub- and supraglottic tissues can be visualized in the
displacement waveforms obtained. A statistically
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significant difference in vibration pattern between the
sub- and supraglottic structures was revealed in this study.
Variation in vibration amplitude along the subglottic
mucosal surface was significantly smaller than that along
the supraglottic mucosal surface. The phase delay of vi-
bration along the subglottic mucosal surface was signifi-
cantly smaller than that along the supraglottic mucosal
surface. Our next step will focus on the variation in vibra-
tion pattern of sub- and supraglottic tissues, especially the
pliable false vocal folds, during different types of phona-
tion tasks and vocal gestures. As the poor SNR of the
hypo-echoic vocal fold body results in the limitation of
this technique in continuously tracking movement of
the vocal fold tissue, future work will also include
improvement of the echo intensity of vocal fold tissue
during imaging of laryngeal vibration.
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