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Vocal fold and ventricular fold vibration in period-doubling
phonation: Physiological description and aerodynamic
modelinga)
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Occurrences of period-doubling are found in human phonation, in particular for pathological and
some singing phonations such as Sardinian A Tenore Bassu vocal performance. The combined
vibration of the vocal folds and the ventricular folds has been observed during the production of
such low pitch bass-type sound. The present study aims to characterize the physiological correlates
of this acoustical production and to provide a better understanding of the physical interaction
between ventricular fold vibration and vocal fold self-sustained oscillation. The vibratory properties
of the vocal folds and the ventricular folds during phonation produced by a professional singer are
analyzed by means of acoustical and electroglottographic signals and by synchronized glottal
images obtained by high-speed cinematography. The periodic variation in glottal cycle duration and
the effect of ventricular fold closing on glottal closing time are demonstrated. Using the detected
glottal and ventricular areas, the aerodynamic behavior of the laryngeal system is simulated using
a simplified physical modeling previously validated in vitro using a larynx replica. An estimate of
the ventricular aperture extracted from the in vivo data allows a theoretical prediction of the glottal
aperture. The in vivo measurements of the glottal aperture are then compared to the simulated
estimations. © 2010 Acoustical Society of America. �DOI: 10.1121/1.3365220�

PACS number�s�: 43.75.Rs, 43.70.Gr, 43.70.Bk, 43.70.Jt �AH� Pages: 3212–3222
I. INTRODUCTION

The ventricular folds, also called false vocal folds or
ventricular bands, are two laryngeal structures located above
the vocal folds, superior to the laryngeal �or Morgagni� ven-
tricle �see Fig. 1�. These laryngeal structures are not com-
monly involved as a vibrating structure during normal pho-
nation. Their physical properties �high viscosity and low
stiffness� are different from those of biomechanical oscilla-
tors such as the vocal folds �Haji et al., 1992�. Yet, their
vibration has been observed during specific vocal gestures:
Asian throat singing �Fuks et al., 1998; Lindestad et al.,
2001; Sakakibara et al., 2001, 2004�, Mediterranean tradi-
tional polyphony �Henrich et al., 2006�, rock singing �Zang-
ger Borch et al., 2004�, pathological phonation �Lindestad
et al., 2004; Nasri et al., 1996; Von Doersten et al., 1992�.
Several vibratory gestures can be distinguished: periodic or
aperiodic, in phase or not with the vocal fold vibration, with
or without ventricular contact. In this study, we focus on a
particular type of ventricular fold vibratory movement, re-
ferred to as vocal-ventricular phonation mode by Fuks et al.
�1998�. In this phonatory gesture, the ventricular fold vibra-
tory movement is periodic, occurring every two glottal
cycles, in antiphase with the glottal vibration �Fuks et al.,
1998; Lindestad et al., 2001; Sakakibara et al., 2001, 2002,

a�
This paper is based partially on a talk presented at the 6th ICVPB, Tam-
pere, Finland, 6–9 August 2008.

b�Present address: Laboratoire Sols Solides Structures Risques �3S-R�, Do-

maine Universitaire, BP53, 38041 Grenoble Cedex 9, France.

3212 J. Acoust. Soc. Am. 127 �5�, May 2010 0001-4966/2010/12

 18 May 2010 to 193.48.255.141. Redistribution subject to ASA licens
2004; Henrich et al., 2006�. It goes with a period-doubling
phenomenon, i.e., a perceived octave jump below the origi-
nal tone.

The physiological and physical nature of this complex
laryngeal vibratory gesture is poorly understood. As both the
vocal folds and ventricular folds are vibrating, is there any
physical interaction between these two laryngeal structures?
If so, what is the nature of this interaction? In light of recent
studies, it seems interesting to explore the hypothesis of a
possible aerodynamic interaction. Previous experimental in-
vestigations dealing with in vitro set-ups have provided an
initial insight into the influence of a supra-glottal constriction
on the glottal airflow �Shadle et al., 1991; Pelorson et al.,
1995; Agarwal, 2004; Kucinschi et al., 2006; Finnegan and
Alipour, 2009; Bailly et al., 2008; Bailly, 2009�. Using a
rigid non-oscillating replica combining vocal folds and ven-
tricular folds, Agarwal �2004� observed an influence of the
laryngeal geometry on the translaryngeal airflow resistance.
An increase in translaryngeal airflow resistance has also been
evidenced on excised canine larynges by Alipour et al.
�2007� and using the same experimental set-up, a median or
antero-posterior ventricular compression has resulted in a
mean subglottal-pressure increase and an airflow decrease
�Finnegan and Alipour, 2009�. Experiments made on in vitro
static replicas have shown that the presence of a supra-glottal
constriction results in a decreased glottal-jet curvature
�Shadle et al., 1991; Kucinschi et al., 2006�, and a down-
stream shift of the position of glottal separation point, induc-

ing a conservation of the flow laminar properties over a
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longer distance �Kucinschi et al., 2006�. A significant pres-
sure recovery associated with a reattachment of the jet-flow
to the constriction has been observed in Pelorson et al.
�1995� and also measured and theoretically predicted in
Bailly et al. �2008�. The geometry of the constriction affects
the phonation threshold pressure and fundamental frequency
of a self-oscillating vocal fold replica �Bailly et al., 2008;
Bailly, 2009�. In complement to these in vitro observations,
explorations of throat singing have shown that ventricular
fold closure coincides with a decrease in glottal-flow ampli-
tude every two glottal cycles �Fuks et al., 1998; Lindestad
et al., 2001�. Higher oesophageal pressures have been mea-
sured by Fuks et al. �1998� during a switch from modal
phonation to vocal-ventricular mode.

This study explores the physiological correlates of
vocal-ventricular periodic vibrations, and the aerodynamic
impact of ventricular vibration on the vocal fold self-
sustained oscillation. The vocal gesture of a professional
singer is analyzed by the use of high-speed cinematography
combined with acoustic and electroglottographic �EGG� re-
cordings, detailed in Part II �II A and II B�. A simplified
physical modeling of phonation is presented in Sec. II C,
which was previously validated in vitro using a vocal fold/
ventricular fold replica. Part III provides a quantitative
physiological description of the co-oscillations, deduced
from the detection of glottal and ventricular areas, the kymo-
graphic processing of the laryngeal images and the analysis
of EGG signals �Sec. III A�. The glottal aperture and laryn-
geal pressure distribution are theoretically predicted from the
measured ventricular area as a function of the subglottal-
pressure �Sec. III B�.

II. MATERIAL AND METHOD

In the followings, if X is a function of time t, Xn refers to

FIG. 1. �Color online� �a� Rear view coronal section of the larynx, �b� �resp.
�c�� description of the minimal aperture width at the constriction between

the ventricular folds, h̃venf�z , t� �resp. the vocal folds, h̃vof�z , t�� on a frontal
view of the human larynx during phonation �in vivo high-speed recordings;
venf: ventricular fold; vof: vocal fold�.
the corresponding normalized quantity, such as: Xn
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=X /maxt�X�. Each geometrical variable X introduced in the
theoretical description refers to a real quantity measurable at

human scale, noted X̃.

A. Data recordings

The experiment was conducted at the University Medi-
cal Center Hamburg-Eppendorf in the Department of Voice,
Speech and Hearing Disorders. A professional male singer
�MW, age 41� was recorded while performing different pho-
nations, among which two particular utterances are selected
and compared within the scope of this study: a case of nor-
mal phonation, and an example of specific growly phonation,
perceptually similar to Asian throat singing. This latter case
is characterized by vocal-ventricular periodic vibrations.

High-speed cinematographic recordings of the laryngeal
movement were made by inserting a rigid endoscope into the
oral cavity �Wolf 90° E 60491� with a continuous light
source �Wolf 5131� and a digital black-and-white CCD cam-
era �Richard WOLF, HS-Endocam 5560�. The recording se-
quence duration was approximately 4s, with a camera frame
rate of 2000 frames/s and an image resolution of 256
�256 pixels. Audio signal was recorded simultaneously
with a microphone placed at the end of the endoscope �Wolf
5052.801�. The electroglottographic signal was recorded si-
multaneously with a dual-channel electroglottograph �EG2,
Rothenberg �1992��; two electrodes were placed either side
of the larynx.

B. Data processing

1. EGG signal processing

Glottal closing instants �GCIs� and glottal opening in-
stants �GOIs� are detected on the time derivative of the EGG
signal �DEGG�, using a threshold-based peak detection
method �Henrich, 2001; Henrich et al., 2004�. As illustrated
in Fig. 2, the GCI peaks are numbered in order of appear-
ance, a parameter, which completes time and amplitude in-

FIG. 2. �Color online� A typical example of eight-period normalized DEGG
�DEGGn� signal, extracted from the database during the specific growly
phonation and processed with a peak detection method �GCI: glottal closing
instants; GOI: glottal opening instants�.
formation for each peak. A distinction is made between the
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two cycles inside a sequence of two glottal cycles. The du-
ration of each glottal cycle �resp. t1 and t2� is calculated as
the duration between two successive GCIs �resp. odd-even
GCIs and even-odd GCIs�. Glottal open time �resp. top1 and
top2� is measured as the duration between a GOI and the
following GCI. Open quotient �Oq� is calculated as the ratio
between glottal open time and cycle duration.

2. High-speed image processing
a. Glottal and ventricular aperture area extraction.

Using the MATLAB Image Processing Toolbox, high-speed
images are resized to focus on the area of interest. They are
smoothed using a bicubic scaling filter �radius 4�. Glottal and
ventricular contours are manually detected by shaping Bezier
curves on each high-speed image, following an algorithm
described in Serrurier and Badin �2008� �see Fig. 3�. The

glottal and ventricular space areas �Ãvof and Ãvenf� are com-
puted from the detected contours by generic surface triangu-
lar meshes �Serrurier and Badin, 2008�. For each selected

time sequence, the detected areas Ãvof�t� and Ãvenf�t� are nor-
malized by their maximum values, and resampled to the
sampling frequency of the synchronized EGG and DEGG
signals �44 170 Hz� with cubic interpolation. Therefore, the

measured parameters are Ãvofn
�t� and Ãvenfn

�t�.
During the growly phonation, the investigated phonatory

gesture includes a narrowing of the supraglottic airway. This
laryngeal configuration makes it difficult to detect the effec-
tive values of ventricular fold aperture and glottal areas. In

such a case, both areas Ãvof and Ãvenf are obviously underes-
timated. Nevertheless, the aryepiglottic constriction beyond
the ventricular folds does not vary much during the se-
quence. Therefore, we can assume that the method provides
a good estimate of the dynamical evolution of the measured
areas.

Due to the demanding video-laryngoscopic procedure,
magnitudes of recorded vocal and ventricular motions have
not been calibrated. As an alternative, we chose to graduate
their values with the physiological data available in the lit-
erature �Hollien and Colton, 1969; Wilson, 1976; Kitzing
and Sonesson, 1967; Hirano et al., 1983; Agarwal et al.,

2003; Agarwal, 2004�. Assuming that h̃vof�z , t� and h̃venf�z , t�
represent the opening width observed at the constriction be-

FIG. 3. Illustration of a typical high-speed laryngeal image and the d
tween the vocal and the ventricular folds respectively �see
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Fig. 1�, the maximal glottal and ventricular metric magni-
tudes observed during the phonatory gesture are imposed in

accordance with the bibliographical study �h̃vofref
and h̃venfref

�
and defined as follows:

h̃vofref
= maxt,z�h̃vof�z,t�� = 1 mm

�1�
h̃venfref

= maxt,z�h̃venf�z,t�� = 2.5 mm.

Note that in Eq. �1�, the ventricular magnitude h̃venfref
is ar-

bitrarily adjusted smaller than the mean value measured in
previous physiological studies during normal phonation
�around 5mm in Agarwal et al. �2003� and Agarwal �2004�
for instance�, in order to account for the initial ventricular
constriction observed to switch into the specific studied
growly phonation.

The depth of the section along the z direction, noted W, is
assumed identical and x-invariant across the vocal fold and
the ventricular fold constrictions. Similarly, its value is cho-
sen in agreement with physiological studies mentioned above
�W=15 mm�. Two calibration factors are defined such as:

Cvof = h̃vofref
· W and Cvenf = h̃venfref

· W . �2�

Two additional geometrical parameters, the glottal and ven-
tricular mean apertures measured along the z direction, are

deduced from the detected areas Ãvofn
�t� and Ãvenfn

�t�. Those
are defined under the approximation of a rectangular mean
section area at the glottal and ventricular levels, such as:

�h̃vof��t� = Cvof · Ãvofn
�t�/W

�3�
�h̃venf��t� = Cvenf · Ãvenfn

�t�/W .

In the end, the conversion of the measured areas Ãvof�t� and

Ãvenf�t� from pixels into m2 is achieved under the approxima-
tion:

Ãvof�t� = Cvof · Ãvofn
�t� = �h̃vof��t� · W

�4�
Ãvenf�t� = Cvenf · Ãvenfn

�t� = �h̃venf��t� · W .

Note that the perspective effect occurring within the visual

ed contours of the glottal �a� and ventricular fold aperture �b� areas.
field of the camera yields to the underestimation of the ratio
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�h̃venf� / �h̃vof�, as compared to the physiological reality. Yet,
this optical phenomenon is left aside from the high-speed
image processing, because the axial width of the larynx
�along the x direction� cannot be graphically measured, and
because the discrepancy thus committed is negligible to a
first approximation �Bailly, 2009�.

b. Kymographic analysis. High-speed images are also
analyzed by means of a kymographic method inspired from
Švec and Schutte, 1996. It consists of a visualization method
for high-speed investigation of laryngeal vibrations. A line is
selected on the image, perpendicular to the median glottal
axis. This line is plotted as a function of time, along with the
synchronized EGG and DEGG signals. This method does not
allow for visualization of glottal vibrations along the whole
glottal length, but it provides a detailed representation of the
vocal dynamics at the selected position on the glottis.

C. Theoretical modeling

First, a simplified theoretical description of the laryngeal
airflow dynamics is proposed. Then, corresponding aerody-
namic forces are combined with mechanical forces related to
a two-mass model of the vocal folds.

1. Flow theory through the larynx

The basic aerodynamic impact implied by the presence
of the ventricular folds in the larynx on the pressure distri-
bution and the vocal fold self-oscillations is extensively de-
scribed in Bailly et al., 2008 and Bailly, 2009. A schematic
representation of the laryngeal geometry considered in this
investigation is given in Fig. 4 along with all relevant param-
eters of the aerodynamic study.

The larynx is assumed to be symmetric with respect to
the x and z axes. In the following, indices i correspond to
specific positions along the x axis, as indicated in the figure.
hi=hi�xi , t� refers to the height of the channel flow at the
position xi. The parameters hvof �resp. hvenf, hventricle� corre-
sponds to the minimal aperture of the vocal folds �resp. the
ventricular folds, the ventricle�. Note that in this study, hvof

always equals h1, whereas hvenf may differ from h3, for spe-

FIG. 4. �a� Geometrical sketch of the larynx and relevant quantities of the
combined with the theoretical flow description of the ventricular fold influe
cific geometric laryngeal configurations where the glottal jet-
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flow does not interact with the ventricular bands and de-
taches from the ventricular walls �Bailly, 2009�. Avof �resp.
Avenf� refers to the glottal area �resp. the ventricular area� in
the axial plane x1=constant �resp. x3=constant�. In our the-
oretical approximation, these areas are rectangular: Avof=W
�hvof and Avenf=W�hvenf. Pi= Pi�xi , t� represents the rela-
tive pressure predicted at xi, as compared to the ambient
atmospheric pressure.

Three coupled subsystems are considered for modeling
the airflow dynamics through the larynx:

• the pressure drop across the glottis: �Pvof= P0− Ps1;
• the emerging jet evolving in the ventricle, with a dissipa-

tion of kinetic energy: �Pjet= Ps1− P2;
• the pressure drop across the ventricular folds: �Pvenf= P2

− Ps3.

All theoretical aspects used in the followings directly
refer to this simplified model of phonation, applied under the
assumptions of a semi-empirical Liljencrant’s flow separa-
tion model, a “turbulent” jet-flow geometrical expansion in
the ventricle, dissipation �Pjet being neglected, and a quasi-
steady Bernoulli flow dynamics description �see Bailly et al.
�2008� and Bailly �2009� for more details�.

2. Simulation of the vocal fold dynamics in
interaction with the ventricular fold constriction

A distributed two-mass model �M2M� combining me-
chanical and airflow theoretical descriptions is used to simu-
late the glottal behavior in time, through the predictions of
the mass apertures hvof1�t� and hvof2�t�, as illustrated in Fig.
4. For the sake of simplicity, the acoustical propagation in
the resonators downstream to the glottal source is not imple-
mented in this study.

a. Geometrical parameters. For all simulations dis-
cussed below, we chose a laryngeal configuration consistent
with physiological measurements �Hollien and Colton, 1969;
Wilson, 1976; Kitzing and Sonesson, 1967; Hirano et al.,

ynamic study. �b� Sketch of the two-mass model of the vocal folds �M2M�
nd the ventricular geometry used in this study. Ps3

=0.

aerod
1983; Agarwal et al., 2003; Agarwal, 2004�:
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h0 = 20 mm, dvof = 4 mm, hventricle = 23 mm,

�5�
Lventricle = 4.7 mm, dvenf = 5.5 mm.

The following two input values of the ventricular aperture
hvenf�t� are imposed, depending on the phonation investi-
gated.

• hvenf�t�=hventricle is considered for the study of normal pho-
nation with no implication of the ventricular folds in the
phonatory gesture.

• hvenf�t�= �h̃venf��t� �see Eq. �3�� is considered in the case of
vocal-ventricular periodic vibrations.
The initial glottal aperture hvof�t=0�=min�hvof1

�t
=0� ,hvof2

�t=0�� is fixed to 0.2mm, so that the two-mass
model could simulate stable self-sustained glottal oscillations
with complete closure of the vocal folds in the absence of
ventricular folds �for hvenf�t�=hventricle�.

b. Mechanical model The applied reduced mechanical
model is a variation in the symmetrical two-mass model pro-
posed by Lous et al. �1998�, and further detailed in Ruty
�2007� and Ruty et al. �2007�. It is controlled by a set of
mechanical parameters: the mass �mvof�, spring stiffness
�kvof ,kcvof

� and damping �rvof�.
In the following, the simulated sequences correspond to

four ventricular cycles selected during vocal-ventricular pe-
riodic vibrations. The value of mvof is chosen in agreement
with previous studies on voice modeling using a two-mass
model of the vocal folds �Miller et al., 1988; Vilain, 2002;
Ruty, 2007�. The stiffness �kvof� and damping �rvof� input
parameters are fitted so that the frequency of two consecutive
glottal cycles 1 / �t1+ t2� is identical to the measured one
�mean value of 75 Hz� with a relative error below 1%, when
the ventricular folds are vibrating. The coupling constant kcvof
is arbitrarily set equal to 0.5.kvof. The mechanical parameters
are thus summarized below:

mvof = 0.05 g, kvof = 42.65 N m−1,

�6�
rvof = 10−3 N s m−1.

c. Airflow model. The laryngeal airflow is simulated as
previously described, with viscous losses considered in addi-
tion along the glottal channel. The pressure P0 upstream of
the two-mass model is parametrically controlled as input
data. For all simulations presented below, it is set to 900Pa,
within the range of subglottal pressures commonly measured
in the trachea.

The pressure at glottal separation Ps1, usually set equal to
the atmospheric pressure �Vilain, 2002; Ruty, 2007; Ruty
et al., 2007�, is equal to P2, the pressure estimated in the
ventricle, by means of the fluid-flow theory before-
mentioned. Thus, the simulated laryngeal flow accounts for
the pressure recovery owed to the ventricular folds.

The temperature is fixed at 37.2° and the atmospheric
pressure is set to 101.1kPa. Under such thermodynamic con-

ditions,
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� = 1.13 kg m−3, � = 1.85 � 10−5 kg m−1 s−1,

c = 353.3 m s−1. �7�

where � is the air density, � the dynamic viscosity, and c the
sound celerity.

III. RESULTS

A. Physiological description of the co-oscillations

1. Description of ventricular fold vibration

Figure 5 presents an illustrative kymographic compari-
son between the normal phonation and the phonation with
vocal-ventricular periodic vibrations. Regarding this latter
case, different features can be highlighted, in line with pre-
vious studies �Fuks et al., 1998; Lindestad et al., 2001;
Sakakibara et al., 2001, 2002, 2004; Henrich et al., 2006�.
The ventricular folds are moving closer each glottal cycle,
out of phase with glottal closing. A periodic contact of the
ventricular folds is observed for every two glottal cycles. The
perceived low pitch corresponds therefore to the fundamental
period of the ventricular vibration. It is interesting to note
that the singer does not feel the ventricular contact, whereas
he mentions proprioceptive feelings during another growly
phonation characterized by a strong aryepiglottic constric-
tion.

a. Contact recorded by the EGG measurements during
vocal-ventricular vibrations. Figure 6 zooms on five glottal
cycles of vocal-ventricular phonation selected from the
growly voice recordings. It shows both a kymographic plot
of the laryngeal vibratory movement and the EGG and
DEGG signals. Figure 7 displays corresponding glottal and
ventricular aperture areas together with EGG and DEGG sig-

nals. Note that no detection of Ãvof�t� is possible when the
ventricular fold motion hides the glottal aperture, which ex-

FIG. 5. Comparison between two kymographic views of the selected line
AB on the high-speed image during normal phonation and vocal-ventricular
periodic vibrations. Time scaling is different for both analyses. During nor-
mal phonation �up�, the periodic contact of the vocal folds is illustrated each
glottal cycle. During the growly phonation �down�, the ventricular fold pe-
riodic motion is observed in the foreground, and superimposed to the vocal
fold periodic vibration backward.
plains the incomplete signal plotted in Fig. 7. In this case, the
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ventricular contact occurs all along the ventricular fold

length in the z direction, so that Ãvenfn
�t�=0 at the end of

their closing phase.
A periodic alteration of both the EGG and DEGG signals

is observed during vocal-ventricular periodic vibrations �see
Figs. 6 and 7�, illustrating a period-doubling pattern, in
agreement with previous observations �Fuks et al., 1998;
Lindestad et al., 2001; Sakakibara et al., 2001, 2002, 2004;
Henrich et al., 2006�. What does this alteration reflect? Se-
lected instants in Figs. 6 and 7 provide further insights into
this matter.

• Each time a DEGG positive peak of highest amplitude
occurs �see instant A in Fig. 6, instants �a� and �e� in Fig.
7�, the ventricular folds are coming closer to each other but

FIG. 6. Zoom on five glottal cycles of a kymographic view, detailing three
DEGG signals. The selected kymographic line is represented on the high-sp
lines, and the corresponding laryngeal images are given on panels below �A

FIG. 7. �Color online� Normalized EGG �EGGn� and DEGG �DEGGn� sig-
nals as a function of time measured during growly phonation, along with

synchronized and normalized areas Ãvenfn
�t� �up� and Ãvofn

�t� �down� derived
from the high-speed images. Shot instants �a–e� are plotted as dashed verti-

cal lines.
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not touching, while the vocal folds are closing. In this case,
the amplitude variations on EGG and DEGG signals are
due to glottal motions only.

• Each time a DEGG positive peak of smallest amplitude
occurs �see instant E in Fig. 6 and instant �c� in Fig. 7�, the
ventricular folds are already in contact. Data on vocal fold
behavior is thus not available. Yet, the observed sudden
DEGG amplitude peak is not correlated with any sudden
changes in ventricular motion; in fact, the closing of the
ventricular folds precedes this instant and is not reflected
by a DEGG amplitude peak, although concurrent to a
modification of the EGG signal. Therefore, this suggests
that the DEGG smallest amplitude peak corresponds only
to the closure of the vocal folds. These observations sup-
port the thesis that though the EGG may combine informa-
tion about ventricular and glottal contact areas, the DEGG
positive peaks exclusively reflect glottal closing states.
Consequently, times t1 and t2 �see Fig. 7� define two con-
secutive glottal cycle durations.

• When a DEGG negative peak arises �see instants B and F
in Fig. 6, instants �b� and �d� in Fig. 7�, the ventricular
folds are already apart from each other, whereas the vocal
folds are starting their opening phase. Thus, the DEGG
negative peaks occur at GOI, in the same way as during
normal phonation. Consequently, times top1 and top2 �see
Fig. 7� define two consecutive glottal open phase
durations.

b. Correlation between ventricular and glottal motions.
The ventricular fold contact follows the glottal opening �time
B in Fig. 6 and �b� in Fig. 7�. The ventricular contact starts
during the glottal open phase �time B to E in Fig. 6, time �b�
to �c� in Fig. 7�. It stops during the closing phase of the
following glottal cycle �time E to F in Fig. 6, time �c� to �d�
in Fig. 7�. The ventricular opening is initiated at the time of
glottal closure. These observations do not depend on the spe-

icular fold contacts, along with the synchronized and normalized EGG and
age, perpendicular to the median axis. Shot instants are plotted as vertical
ventr
eed im
cific kymographic line considered.
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2. Description of vocal fold vibration

In this part, the impact of the behavior of the ventricular
fold on the glottal motion during vocal-ventricular periodic
vibrations is quantified.

a. Ventricular impact on glottal speed of contact
area. Figure 8 displays the amplitude of the DEGG glottal
closing peaks detected on the growl sequence as a function
of time. The peaks are numbered in order of appearance: the
crosses correspond to even numbers, and the dots to odd
numbers �see Fig. 2�. Once the period-doubling phenomenon
is established, a constant alteration of the amplitude between
two consecutive peaks is periodically observed.

As illustrated in Figs. 6 and 7, the peaks of lower ampli-
tude on the DEGG signal �even numbers� occur during a
ventricular contact whereas the DEGG peaks of higher am-
plitude occur at a moment when the ventricular folds have
moved apart. As the amplitude of the DEGG signal reflects
the speed of vocal fold contact area, the observed periodic
alteration of the glottal cycle suggests that the vocal fold
speed of contact is noticeably reduced under the influence of
the downstream ventricular fold contact.

Note that at the very beginning of the sequence �t
�0.5 s�, the singer did not succeed in producing the inves-
tigated growl but performed a creaky-like sound instead. In
this case, the variations of the DEGG signal do not lead to
any obvious period-doubling pattern.

b. Ventricular impact on the glottal cycle frequencies.
Not only is the speed of glottal contact modified by the
downstream ventricular vibration, but also the duration of
glottal cycle. Figure 9 presents the evolution of glottal cycle
frequencies as a function of time. A distinction is made be-
tween the glottal cycles, depending on whether the ventricu-
lar folds close during the cycle �f1=1 / t1� or open �f2

=1 / t2�. The frequency 2 / �t1+ t2� represents twice the fre-
quency of two consecutive glottal cycles. It corresponds to
the glottal fundamental frequency, which would have been
observed if the ventricular folds were not vibrating. It also
corresponds to an octave above the perceived pitch
�2.f0 , f0=1 / t0 being the acoustical fundamental frequency�.
In normal phonation, f1= f2= f0.

During the creaky voice performed at the beginning of the
sequence �t�0.5 s�, the fundamental frequency f0 is mea-
sured at 155 Hz �D#3� on average. Once the periodic vocal-

FIG. 8. �Color online� Amplitude of DEGG signal at GCI as a function of
time.
ventricular vibrations have established, it decreases from 80
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Hz �D#2� to 65 Hz �C2� �mean value 72 Hz�. During vocal-
ventricular periodic vibrations, two following glottal cycles
do not have the same duration �t1� t2�: a glottal cycle with
ventricular folds in closing phase is longer than a glottal
cycle with a ventricular aperture �t1� t2�, implying a lower
glottal cycle frequency �f1� f2�. f1 goes from 149 Hz to 121
Hz with a mean value of 133 Hz �C3�; f2 goes from 186 Hz
to 133 Hz with a mean value of 158 Hz �D#3�. The maximal
difference between two consecutive glottal cycle frequencies
rises to 51 Hz and fluctuates around a mean value of 25 Hz
in that case. It is interesting to note that the frequencies f0, f1

and f2 are superimposed at the beginning of the musical
sentence, which does not exhibit any period-doubling pat-
tern.

Alteration of the glottal cycle duration during vocal-
ventricular periodic vibrations is confirmed in Fig. 10, which
shows the variation in glottal opening durations �top1 and
top2� for two successive glottal cycles. It demonstrates that
top1 is consistently longer that top2 during growl; both dura-
tions also vary according to fundamental period t0 fluctua-
tions. In the studied period-doubling sequence, this lengthen-
ing may reach a maximal delay of 2.6 ms �average value 1.5
ms�. The duration relative to fundamental period, i.e., the
open quotient Oq, is also much higher in the case of ventricu-
lar fold closing than in case of ventricular fold opening �rela-
tive gap of 11% in average, 23% at maximum�. These fea-
tures are not observed during normal phonation, nor during
the creaky sound produced at the start of the sentence.

FIG. 9. �Color online� Glottal-cycle frequencies as a function of time.

FIG. 10. �Color online� Open phase duration with �top1� and without �top2� a

ventricular fold contact, as a function of time.
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What could explain these variations in glottal opening du-
rations? The ventricular folds are closing during phase 1,
whereas they are opening and remain completely open dur-
ing phase 2, as displayed in Fig. 6. This suggests that the
duration of the glottal cycle could be extended with a ven-
tricular contact. In Bailly et al. �2008�, it is shown that a

decreasing ratio h̃venf / h̃vof can imply a pressure recovery
downstream of the glottis, thus reducing the pressure drop
and consequently the Bernoulli effect involved in the vocal
fold adduction. In light of these previous results, we propose
to further explore the hypothesis of a possible aerodynamic
interaction between the glottal-flow and the ventricular fold
vibration, which could explain the lengthening of the glottal
opening duration.

B. Theoretical prediction of the vocal-ventricular
interaction

In this part, the aerodynamic influence of the ventricular
fold motion �measured during period-doubling phonation� on
the vocal fold self-sustained oscillations is predicted. Figures
11 and 12 present numerical simulations of the glottal behav-
ior obtained using a two-mass model and accounting for the
aerodynamic interaction between the vocal folds and the
ventricular folds, as described in Sec. II C.

1. Configuration of reference with an input static
ventricular geometry

Glottal behavior during normal phonation is simulated
considering a standard geometry in the input parameters of
the two-mass model, characterized by a static ventricular
fold aperture such as hvenf�t�=hventricle.

Figure 11 illustrates this latter configuration. No pres-
sure recovery is predicted in such a case �P2�t�=0� and the
two-mass model of the vocal folds oscillates periodically
with a single fundamental frequency 1 / t0ref �mean value 173

FIG. 11. �Color online� Two-mass simulations of mint�hvof1
�t� ,hvof2

�t�� and
P2�t� as a function of time. Configuration of reference with hvenf�t�
=hventricle, P0=900 Pa. 1 / t0ref=173 Hz �mean value�. Input �resp. output�
data are displayed in thin solid �resp. thick dotted� line.
Hz�.
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2. Simulation of a period-doubling phenomenon at
the glottis

This part presents the glottal behavior and the transla-
ryngeal pressure predicted during vocal-ventricular periodic
vibrations, in contrast to the situation shown in Fig. 11.

In this case, the input value of the ventricular aperture
hvenf�t� is estimated in agreement with the measurements re-
corded from explorations of this type of period-doubling
phonation in humans, detailed in Sec. II B. Thus, the param-

eter hvenf�t� follows the variations of the area Ãvenfn
�t� de-

tected on the high-speed images and plotted in Fig. 7, and is

approximated by �h̃venf��t�. If coupled to Eqs. �2� and �3�, this
approximation yields to:

hvenf�t� = h̃venfref
· Ãvenfn

�t� . �8�

Finally, the input ventricular aperture hvenf�t� estimated by
Eq. �8� has been dephased in concordance with the chosen
initial glottal aperture hvof�t=0�=0.2 mm. Figure 12 pre-
sents the predicted glottal aperture mint�hvof1 ,hvof2� and pres-
sure P2�t�, with the ventricular motion hvenf measured on
high-speed images as an input parameter.

Similarly to Eq. �8�, the glottal aperture extracted from
the measurements is deduced from the equation below and
compared to the simulated M2M oscillations �see Fig. 12�:

�h̃vof��t� = h̃vofref
· Ãvofn

�t� . �9�

Under such conditions, the following three main features can
be deduced from the two-mass simulations.

• A large pressure recovery P2 is predicted, in contrast to the
normal phonation simulation �see bottom panels in Figs.
11 and 12�. It even reaches the driving pressure P0 each
time the ventricular folds are in contact. Therefore, the
pressure drop across the vocal folds, �Pvof is affected and
the vocal fold self-oscillation is altered.

• An alteration of the glottal aperture amplitude between two

FIG. 12. �Color online� Two-mass simulations of mint�hvof1
�t� ,hvof2

�t�� and

P2�t� as a function of time. hvenf�t�= �h̃venf��t�, P0=900 Pa. 1 / t0=74 Hz
�mean value�. Input �resp. output� data are displayed in thin solid �resp. thick
dotted� line.
consecutive vocal fold oscillations is theoretically pre-
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dicted. The rise of pressure P2�t� up to cancellation of the
pressure drop �Pvof occurs during the opening phase of the
glottal cycle characterized by a maximal amplitude
mint�hvof1 ,hvof2�. The ventricular fold contact thus gener-
ates an increase in the glottal aperture, according to the
simulations. Therefore, the modeling of the aerodynamic
vocal-ventricular interaction leads to the simulation of a
period-doubling phenomenon at the glottis: a second fre-
quency appears in the vocal fold vibratory pattern, which
equals to the fundamental frequency of the ventricular fold
oscillation and of the resulting sound, 1 / t0=74 Hz �see
Fig. 12�.

• An anti-phase shift between the glottal and the ventricular
vibrations is also predicted. Figure 13 compares the delay
between the simulated glottal apertures and the measured
data during vocal-ventricular periodic vibrations. To this
end, DEGG signal variations are compared to the time de-
rivative of the simulated glottal apertures for the standard
configuration �as displayed in Fig. 11�, and the case with
the ventricular motion extracted from the in vivo measure-
ments �as displayed in Fig. 12�. The peak detection method
allows to define the amplitude maxima of the signal
−d mint�hvof1

�t� ,hvof2
�t�� /dt, thus reached at simulated

GCI. The delay between two consecutive simulated GCI
defines the theoretical duration of the corresponding glottal
cycle. Two main results are illustrated in Fig. 13 regarding
the period-doubling phonation �bottom panel�.

• The simulation predicts an alteration of the
−d mint�hvof1�t� ,hvof2�t�� /dt positive peaks amplitude ev-
ery two glottal cycles; in other words, a noticeable de-
crease in speed of glottal closing is predicted, in agreement
with the measured data.

• The simulation predicts a difference of duration between
two consecutive glottal cycles. In the studied case, the dis-
crepancy between two consecutive glottal cycle frequen-
cies varies from 10 Hz to 46 Hz according to the simula-
tion �mean value 31 Hz during the four selected ventricular

FIG. 13. �Color online� Comparison between the normalized DEGG signal
DEGGn �top�, the opposite of the time derivative signal of the glottal aper-
ture simulated by the M2M model d mint�hvof1

�t� ,hvof2
�t�� /dt for hvenf�t�

=hventricle �middle�, and for hvenf�t�= �h̃venf��t� �bottom�. P0=900 Pa.
cycles, if calculated from a simulated GCI peak of highest

3220 J. Acoust. Soc. Am., Vol. 127, No. 5, May 2010

 18 May 2010 to 193.48.255.141. Redistribution subject to ASA licens
amplitude�, while it varies from 39 Hz to 42 Hz according
to the DEGG measurements �mean value 41 Hz�.

These results suggest that the aerodynamic interaction
between the vocal folds and the ventricular folds does alter
the glottal vibrations in terms of frequency and amplitude in
the simulations, which may play an important role in the
period-doubling phenomenon. Yet, it is shown in Fig. 13 that
an inconsistent phase shift remains between the simulated
glottal motions and the measured DEGG signal, and the
cycle duration lengthened by the ventricular closure, as ob-
served in phonation �see Fig. 9�, is not reproduced under
such modeling assumptions.

IV. CONCLUSION

In this study, the laryngeal dynamics of a specific
growly phonation produced by a professional singer using
period-doubling as a musical performance is explored. This
phonation is perceptually similar to Mongolian Kargyraa,
Tibetan voice or Sardinian Bassu singing and involves the
vibrations of the ventricular folds. In vivo investigation of
this phonation has been carried out using acoustic and elec-
troglottographic measurements, together with high-speed
cinematography. A quantification of the laryngeal dynamics
is proposed, extracting glottal and ventricular areas from the
high-speed images. These data are used as input parameters
to a simplified model of phonation accounting for the aero-
dynamic interaction between the vocal and ventricular folds.

The conclusions that can be drawn from this study are as
follows.

• It is observed that, although the EGG signal may combine
information about ventricular and glottal contact areas dur-
ing this specific phonation, the DEGG signal exclusively
reflects glottal vibratory behavior.

• A correlation between the vocal fold vibration and the ven-
tricular fold motion is demonstrated.

• As shown in high-speed images, the ventricular folds are
moving closer each glottal cycle, out of phase with glottal
closing. A contact between the ventricular folds is ob-
served every two glottal cycles. The perceived low pitch
corresponds therefore to the fundamental period of the
ventricular vibration. The ventricular fold contact starts
during the glottal open phase and stops during the closing
phase of the following glottal cycle. The ventricular open-
ing corresponds to a glottal closure.

• From the processed in vivo data, it is shown that the ven-
tricular fold closing affects vocal fold movements. Two
consecutive glottal cycles do not have the same duration
and the duration of the glottal cycle is extended with a
ventricular contact. In particular, glottal opening duration
is increased when the ventricular folds are closed.

• From the theoretical simulations, it is shown that the alter-
ation of the vocal fold vibration amplitude between two
consecutive glottal cycles can be explained by the aerody-
namic impact of the ventricular folds. Thus, the simulation
exhibits a period-doubling phenomenon at the glottis. In
other words, extraction of the ventricular behavior ob-

served during vocal-ventricular periodic vibrations, if com-
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bined to a simplified aerodynamic modeling of the vocal-
ventricular interaction, suffices to predict the period-
doubling phenomenon characteristic of this specific
phonation.

• Finally, this work provides quantified in vivo information
on vocal fold and ventricular fold interaction recorded dur-
ing period-doubling phonation on a professional singer,
which is of much help for investigating the physical impact
of the ventricular folds on the glottal oscillations. There-
fore, further study is ongoing to characterize these physi-
ological correlates on a greater number of subjects, and to
overcome the main limitations of this study. In particular:

• A better understanding of the delay between the measure-
ments and the predictions of the glottal behavior may be
also provided if including an accurate and validated de-
scription of the impact stresses occurring during vocal
folds collision in the modeling.

• A driven model of the ventricular band variation has been
chosen as a first step to determine their aerodynamic im-
pact on the translaryngeal pressure distribution and the
glottal vibrations. Yet, exploration of the ventricular mo-
tion physical origins will need further modeling, such as a
theoretical description of the glottal vibrations mechanical
transmission along the laryngeal mucosa.
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