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Dynamic vocal fold parameters with changing adduction
in ex-vivo hemilarynx experiments
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Ex-vivo hemilarynx experiments allow the visualization and quantification of three-dimensional dy-
namics of the medial vocal fold surface. For three excised human male larynges, the vibrational
output, the glottal flow resistance, and the sound pressure during sustained phonation were analyzed
as a function of vocal fold adduction for varying subglottal pressure. Empirical eigenfunctions, dis-
placements, and velocities were investigated along the vocal fold surface. For two larynges, an
increase of adduction level resulted in an increase of the glottal flow resistance at equal subglottal
pressures. This caused an increase of lateral and vertical oscillation amplitudes and velocity indicat-
ing an improved energy transfer from the airflow to the vocal folds. In contrast, the third larynx
exhibited an amplitude decrease for rising adduction accompanying reduction of the flow resist-
ance. By evaluating the empirical eigenfunctions, this reduced flow resistance was assigned to an
unbalanced oscillation pattern with predominantly lateral amplitudes. The results suggest that
adduction facilitates the phonatory process by increasing the glottal flow resistance and enhancing
the vibrational amplitudes. However, this interrelation only holds for a maintained balanced ratio
between vertical and lateral displacements. Indeed, a balanced vertical-lateral oscillation pattern
may be more beneficial to phonation than strong periodicity with predominantly lateral vibrations.

© 2016 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4947044]
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I. INTRODUCTION

The oscillation of the vocal folds is a primary characteris-
tic of voice production.' The oscillations extend primarily in
the medio-lateral and vertical directions.*> During phonation,
vocal fold movement is similar to a wave motion of the vocal
fold surface starting inferiorly and continuing along the
medial surface toward the superior surface of the vocal
folds.*> In-vivo and ex-vivo analysis of the full larynx during
phonation mainly permits observation, imaging, and quantifi-
cation of the superior surface of the vocal folds and the vocal
fold edges.® Although such studies yield detailed quantita-
tive information about vocal fold dynamics,9*13 several cru-
cial aspects of vocal dynamics, such as mucosal wave
propagation along the medial surface and the convergent-
divergent shape change of the glottal duct, can barely be cap-
tured from the top view.'*'¢

The hemilarynx methodology was developed to yield
optical access to the entire surface dynamics of the vocal
folds during phonation. It especially enables the
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visualization of the medial surface. Experiments using the
hemilarynx setup include ex-vivo human'’ and animal'®
models, in-vivo animal models,19 and in vitro synthetic mod-
els.?*22 In such setups, one vocal fold is removed and
replaced by a glass plate or prism, yielding a direct view of
the entire surface of the remaining vocal fold.

Using an ex-vivo larynx setup, Jiang and Titze'® per-
formed the first methodological study of the hemilarynx as a
substitute for the full larynx. They demonstrated the validity
of the results and also the potential to access the medial sur-
face dynamics of the vocal fold. Later, Berry ef al.’ quantita-
tively analyzed the dynamics of nine markers placed along
one coronal cross-section of the medial surface of the vocal
fold. In addition to the absolute displacement values, they per-
formed a spatio-temporal analysis to calculate the empirical
eigenfunctions (EEFs) of the reconstructed vocal fold dynam-
ics. They showed that only two spatial eigenmodes were nec-
essary to capture the major characteristics for periodic vocal
fold oscillations. Moreover, the analysis of the eigenmodes
suggested the physical mechanism of convergent-divergent
shape changes of the glottal duct to facilitate the energy trans-
fer from the airflow to the vocal fold tissues, which thus
enabled sustained vocal fold oscillation.

© 2016 Acoustical Society of America
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These initial studies utilized ex-vivo canine larynges,
whereas subsequent investigations utilized ex-vivo human lar-
ynges. Déllinger and Berry®® improved the ex-vivo hemilarynx
methodology by mounting a grid of 30 sutures along the entire
medial surface of the vocal fold. They also improved the cali-
bration technique, yielding a decrease in the calibration error
by more than two-thirds of the original value.”* Based on this
improved setup, several studies were performed. The three-
dimensional (3D) motions of the entire vocal fold surface were
visualized and quantified for normal vibrations.** Mucosal
wave propagation was reported for normal vocal fold dynam-
ics.!” Spatio-temporal analysis confirmed theoretical assump-
tions regarding the convergent-divergent shape change of the
glottal flow duct during normal vibration.” It was found that
the convergent-divergent glottal shape change is generated by
the largest EEF (EEF1), whereas the in-phase lateral move-
ment of the vocal folds was captured within the second largest
EEF (EEF2). This again supported the basic physical mecha-
nisms for sustained vocal fold oscillation.?®

In addition to the basic investigations of normal phona-
tion, the improved ex-vivo hemilarynx setup permits system-
atic variation of the elongation and adduction forces by pulling
inferiorly at the thyroid cartilage and anteriorly at the muscular
process (MP) of the arytenoid cartilage, respectively. First
attempts were reported by Déllinger and Berry.*

In studies with full larynx setups, the adduction of
the vocal folds showed a large influence on the quality
of the voice signal.”’?° From an aerodynamic point of
view, a high degree of adduction results in large glottal
flow resistance which was demonstrated by Alipour and
colleagues with ex-vivo full larynx models of different
animal species.3O’31 That is, the higher the adduction, the
higher is the force input or energy transfer into the vocal
folds.

In this context and in more general studies of the
phonatory process, full synthetic®> and biological® larynx
models are used most commonly. However, except for nu-
merical models,>*® a supplementary investigation of the
medial surface dynamics is nearly impossible. Therefore, in
this work, we performed ex-vivo experiments with three
human cadaver hemilarynges. In particular, we correlated
vocal fold adduction with the glottal flow resistance and
with the medial surface vocal fold dynamics.

The goal of our study was to gain insights into the func-
tional chain linking the subglottal pressure with the intraglot-
tal aerodynamics and the resulting vocal fold dynamics, all
as a function of glottal adduction. To achieve this goal, rela-
tions between glottal flow, subglottal pressure, and structural
vocal fold dynamics were analyzed as a function of
adduction.

Our hypotheses are that: (1) the vocal fold adduction is a
key parameter for the control of the energy transfer from the
airflow to the vocal folds; (2) the dynamic shape characteris-
tics of vocal fold oscillation determine the efficiency of the
energy transfer; and (3) EEF analysis allows the identification
of specific characteristics of the vocal fold oscillations.

As compared with previous work, the major innovative
aspect of this study is the analysis and correlation of the aero-
dynamic influence of vocal fold adduction on the oscillatory
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behavior of the medial surface of the vocal folds, as identified
and visualized through EEF analysis.

Il. METHODS
A. Ex-vivo hemilarynx setup

The ex-vivo and in-vivo hemilarynx setup has been
established over the past 20 yrs. Its aim is to study vocal fold
dynamics™'®'*%7 and the influence of the supraglottal tract
on vocal fold dynamics.*®*® For convenience, the applied
ex-vivo setup described in detail previously'”**** is briefly
outlined below.

Hemilarynx experiments were performed ex-vivo with
three human cadaver larynges. For each larynx, one vocal
fold was removed to expose the entire surface of the remain-
ing vocal fold, Fig. 1(a). The trachea was mounted on a
stainless-steel cylindrical tube. A glass plate was attached at
the top of the tube located at the glottal mid-line replacing
the removed vocal fold. To prevent anterior and posterior air
leakage between the larynx cartilage and the glass-plate, sili-
cone grease, and gauze strips were applied. Additionally, the
larynx position was fixed and slightly pushed against the
glass plate.

(b) Schematic View from the Top
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FIG. 1. (Color online) (a) Photograph of a human hemilarynx. The adduc-
tion and elongation forces are indicated schematically by black arrows with
their points of attack marked by filled squares. The false vocal fold was
additionally removed for our experiments. (b) Schematic of the entire exper-
imental setup.
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To modify the degree of vocal fold adduction, a suture
pierced the arytenoid cartilage at the MP to attach varying
weights (MP10=10g, MP50 =50 g, MP100 =100 g), Fig. 1.
The purpose of this suture was designed to simulate the action
of the lateral cricoarytenoid muscle. Another suture with a
constant weight (10g) was attached anteriorly at the thyroid
cartilage (Fig. 1) to provide slight longitudinal tension in
the vocal fold to permit vibrations. The purpose of this suture
was designed to simulate the action of the cricothyroid mus-
cle. Self-sustained vibrations were induced by air pressure
forces generated by a humidified (Teleflex — Hudson RCI
Concha Therm III, Servo-Controlled Heater Morrisville, NC,
USA) and heated (37 °C) airflow, which passed through the
trachea and through the hemiglottis. In this setup, the hemi-
glottis refers to the gap that is enclosed by the glass plate and
the remaining vocal fold. Its oscillatory motion was recorded
using a Photron Fastcam-Ultima APX high-speed digital cam-
era (Photron Limited, Tokyo, Japan); settings are given in
Table I.

To track the movements of the medial surface of the
vocal fold, 30 surgical microsutures (diameter 0.034 mm)
were sewed into the mucosal epithelium, Fig. 2.%* The sutures
were arranged in five vertical rows: rl (anterior) to r5 (poste-
rior). Each vertical row consisted of six sutures: 11 (inferior)
to 16 (top), Fig. 2. The first four horizontal lines (11 to 14)
starting inferiorly were placed along the medial surface. The
fifth horizontal line (I5) was placed close to the vocal fold
edge; the sixth line (16) was just above the vocal fold edge.
The distance between two neighboring sutures was calculated
as 1.96 = 0.3 mm. To avoid any disturbance of the natural dy-
namics of the vocal fold, an experienced phonosurgeon sewed
the sutures to penetrate only the mucosal epithelium and
not the superficial layer.> Tracking of the sutures in the high-
speed movies was performed semi-automatically on a sub-
pixel basis. The user roughly marked the dark suture, which
had dimensions of approximately 3 x 3 pixels and was easily
detectable on the brighter tissue, by a mouse-click. Then the
software calculated the center of mass of the dark pixels as
the exact suture position.

For calibration (i.e., computing the physical coordinates
in metric units), a brass cube with edge length 5.0 mm was
glued to the glass plate superior to the vocal fold, Fig. 2.2
On the other side of the glass plate, a right-angle prism was
attached to yield two different visual perspectives of the
medial surface (Fig. 2) of the vocal fold, simulating the re-
cording situation with two cameras. Together with the cali-
bration cube, this procedure permitted the reconstruction of

TABLE I. Description of larynges and high-speed camera settings.

Recordings Larynx 1 (L1) Larynx 2 (L2) Larynx 3 (L3)
Sex m m m

Age (yr) 35 73 39
Vocal fold side left left right
Frame rate (fps) 2000 4000 4000
Pixel res. 1024 x 1024 512 x 512 512 x 512
Sequence (ms) 110 110 110
1E(%) (Ref. 23) 6.1+0.8 26*+04 3.8+0.9
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FIG. 2. Camera view showing one frame for larynx L1. Because of the prism,
the camera picture is split, generating two perspectives of the vocal fold surface.
The suture grid containing five vertical suture rows (r1-r5) with six horizontal
lines (11-16) is given. Sutures used for verifying adduction are marked by x.
The sutures along column 13, which are used for visualizing the EEFs, are
marked by o. The white arrows aside r3 indicate the distance between sutures
11 and 15 (approximately 8 mm) for which the mucosal wave phase delay is
computed. The white arrows at the bottom indicate the airflow direction.

the 3D coordinates of the mounted sutures.”> The computa-
tion of the physical coordinates of the sutures was performed
using a previously described linear transformation method.*
For this method, a root mean-square linearization error (IE)
can be computed to determine the accuracy of the experi-
mental results. This 1E error was determined as approxi-
mately 5%, which ensured sufficient acculracy.B’25

B. Data acquisition

Three male human cadaver larynges were investigated dur-
ing sustained phonation, Table 1. The larynges were harvested
at autopsy from the medical school at UCLA not later than 24 h
after the person died. The larynges were then quick frozen (lig-
uid nitrogen) and stored at —80°C. The day before the experi-
ment, the larynges were placed in physiological saline solution,
stored in a refrigerator at (4 °C) and slowly thawed overnight.
The next morning, the larynges were prepared just before the
experiments, which lasted approximately 1h. The experiments
were approved by the local ethics committee.

In total, 30 experiments were performed to analyze
changes in the vocal fold oscillatory pattern due to varying
adduction levels of the vocal folds (MP10 = 10 g-low, MP50
=50 g-medium, MP100 = 100 g-high). In the experiments,
the subglottal pressure Pg was varied in the range 0.9 kPa
< Ps<4.3kPa, which is in the physiological range.>* The
elongation force was kept constant at a low level at 10g.
Adduction and elongation forces were induced by applying
weights, as described in Sec. II A. The applied forces were in
the range reported elsewhere.*”?®
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High-speed image data, sound pressure level (SPL)
(ELV SPM 120 ELV Elektronik AG, Leer, Germany) at a
distance of 30cm above the larynx and inclined by 45° to
the flow axis, and subglottal pressure (Pg) in kPa at 8cm
below the vocal folds (Dwyer, Michigan City, IN, USA,
Series 475 Mark III Handheld Digital Manometer) were
recorded. After semi-automated suture tracking had been
implemented for both prism perspectives, the 3D suture tra-
jectories were computed for 110 ms of sustained phonation
at constant Pg.

To exclude outliers and artifacts, a pre-processing step was
performed prior to data analysis. Sutures exhibiting only noisy
behavior (displacements <2 pixels) or sutures disappearing dur-
ing the oscillation cycle were excluded from further analysis.
On average, five sutures (17%) per recording were excluded.
For the trajectories of the remaining sutures, noise components
were filtered by performing a principal component analysis.
Oscillatory components were only considered when the associ-
ated EEFs captured at least 2% of the dynamic variance.”
Using the filtered trajectories, a phase-averaged oscillation cycle
was computed for which local parameters (i.e., displacements
and velocities) for individual sutures were calculated.

C. Data analysis

Pre-analysis: To examine whether the vocal fold
actually adducted as adduction forces increased, the lateral
coordinates of the two most posterior sutures close to the
vocal fold edge r415 and r515 (marked x in Fig. 2) were com-
puted after placing the weights. Lateral distances to the glass
plate are given in Table II. The distances become smaller
from MP10 to MP50 to MP100, indicating that the vocal
folds move closer to the glass plate with increasing adduc-
tion forces. This confirms the correct function of the simu-
lated adduction for all three larynges. Moreover, the
decrease in distance as a percentage for MP50 and MP100
toward MP10 is given. It shows that for MP50, the effect is
rather small and reaches 1%—-21%. However, for MP100
the adduction effect is much more obvious and reduces the
distances of the vocal fold to the glass plate to 6%—47%.
Furthermore, the distances between vocal fold and glass
plate are always smaller for MP100 than for MP50.

TABLE II. Verification of adduction for increasing adduction forces. For all
three larynges, the distances of the posterior positioned sutures (see Fig. 2)
around the vocal fold edge decrease for increasing weights, i.e., the vocal
fold gets closer to the glass plate. This verifies the increasing adduction due
to increasing weights. Negative percentages show the decrease of distance
in comparison to 10 g.

Distances [mm] to glass plate
for adduction forces at MP

Larynx Sutures 10g 50¢g 100 g

L1 415 1.83 1.81 (=1%) 1.13 (—38%)
1515 1.82 1.77 (=3%) 1.05 (—42%)

L2 415 1.27 1.16 (—9%) 1.04 (—18%)
1515 1.54 1.48 (—4%) 1.45 (—6%)

L3 r4l5 2.05 1.61 (—21%) 1.09 (—47%)
1515 2.21 1.88 (—15%) 1.46 (—34%)
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To ensure that there was no airflow leakage within the
setup, the relation between subglottal pressure and applied
airflow was tested. Because of the linear correlation between
these two parameters, as displayed in the top row of Fig. 3,
which has also been reported by Alipour and col-
leagues,?®°324° flow leakage in the setup was ruled out for
all three larynges. The control variable for the succeeding
measurements was subglottal pressure Pg, which was kept
constant during each experimental run. In the following, the
parameters being analyzed are introduced.

Global parameters: Direct current (DC) airflow (liquid
column manometer) and SPL were measured. Fundamental
frequencies (f;) of the vocal fold oscillations were computed
on the basis of the high-speed video data. The laryngeal flow
resistance was determined using the definitions of van den
Berg Rp)*'** and Alipour (R4)**¥ and colleagues.
Whereas Ry is equal to the ratio between the transglottal
pressure difference and the mean glottal flow rate, Alipour
and colleagues proposed the flow resistance R, as a deriva-
tive of the subglottal pressure with respect to the mean flow
rate. In the context of vocal fold adduction, different studies
reported similar systematic results for both definitions of
glottal flow resistance, i.e., increased glottal adduction
resulted in increased flow resistance.’*>> However, when
investigating the impact of the ventricular folds, different
behaviors for R4 and Rp were reported: Whereas Alipour
et al.*® found increased flow resistance R, in the presence of
the ventricular folds compared with configurations without
ventricular vocal folds, Zhang er al.** reported a decrease of
glottal flow resistance Rg. In a later study, Zheng er al.**
showed that these different findings, for small flow rates,
result from the different definitions of R4 and Rp.

Local parameters were determined on the basis of the
high-speed video data. The three local parameters, maximal
lateral and vertical displacements and the maximal velocity,
were computed over all sutures. Here, displacement means
the actual distance moved by the sutures in the correspond-
ing direction. Displacements in the longitudinal direction
of the vocal folds were not considered, since they are in
the range of random noise and therefore have been shown
to be negligible.”> The mucosal wave propagation from
inferior to superior was investigated and will be shown
along the vertical suture row r3; sutures are highlighted
by o in Fig. 2. For assessing mucosal wave propagation
along the medial surface, phase delays in degrees (0°-360°)
for reaching minimal lateral displacement values (i.e., time
step when the suture is closest to the glass plate) were com-
puted between the lowest suture (11) and the suture at the
vocal fold edge (15) covering a vertical distance of approxi-
mately 8 mm; distance is indicated by the white arrow aside
suture row 13 in Fig. 2. The higher the degree values, the
longer the time delay and the slower the mucosal wave
propagation along the medial surface (i.e., from suture 11 to
suture 15). For computing the mucosal phase delay, we con-
centrated on the medially positioned vertical suture row 13
where the dynamics are most distinctive.'”** Considering
only one vertical suture row (i.e., r3) is also justified by pre-
vious work that had shown that along the medial surface
only a negligible anterior-posterior mucosal wave phase

Dollinger etal. 2375
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FIG. 3. (Color online) The global variables airflow (top line), f; (middle line), and SPL (bottom line) as a function of the applied subglottal pressure Pg are
given for the three larynges (columns) and three different adduction levels (MP10, MP50, and MP100).

delay of the lateral dynamics is present (i.e., straight
wavefront). 17

EEFs: Because of the large amount of data, EEF anal-
ysis and visualization over the three different adduction
levels will be restricted to high Pg values with equal air-
flow (see Table III) where the dynamics are most distinct.
For presenting the EEFs, the vertical row r3 (Fig. 2) is cho-
sen where dynamics were found to be largest.”* Also, as
seen before, the EEF geometry and shape are qualitatively
similar along vertical suture rows.”” Further, only EEFs
with at least 10% of the total energy were analyzed, result-
ing in up to three EEFs (EEF1, EEF2, and EEF3) per single
test case. The evaluation contains the angle of the moving
direction and the absolute displacement of each suture in

TABLE III. Applied subglottal pressure values Pg for each adduction level
(MP10, MP50, and MP100) over all larynges (L1, L2, and L3) for the
shown mucosal wave phase delay (Fig. 7), trajectories (Fig. 8), and EEFs
(Figs. 9-11).

addition to the shape and the relative energy captured by
each EEF.

lll. RESULTS

Parameter changes due to increased adduction are pre-
sented in this section. As mentioned previously, the subglot-
tal pressure Pg was chosen as the control parameter in the
experiments.

Global parameters (Fig. 3): The subglottal pressure Pg
for sustained phonation varied between 0.97 and 4.30kPa,
corresponding to flow rates between 500 and 1800 ml/s. The
relationship between Pg and airflow was linear for all three
larynges. None of the three larynges exhibited full glottal
closure, i.e., minimal glottal diameter varied between 0.8
and 1.6 mm. With increasing adduction, larynges L1 and L2
show the same qualitative behavior: At equal Pg, the flow
rate decreases with increasing adduction level (compare the
blue-diamonds, red-squares, and green-triangle curves). In
contrast, for larynx L3 the flow rate rises with increasing
adduction level, which is opposite the behavior observed in

Adduction level ()~ L1-Pg(kPa)  L2-Pg(kPa)  L3-Ps(kPa)  larynges L1 and L2.
MP10 236 229 248 Fundamental frequency was found to be in the range of
MP50 3.90 261 2.20 97-200Hz, which begins in the physiological range and
MP100 430 2.89 2.17 ends with fundamental frequencies slightly higher than nor-
Airflow (ml/s) 1500 1000 1500 mal male phonation.” For seven out of nine test cases, the

fundamental frequency increases linearly with increasing Pg,
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except for two of the series for L1 (MP10 and MP50). No
systematic influence of increasing adduction on f; can be
detected for larynges L1 and L2. However, for larynx L3, f;
tends to decrease at higher adduction levels.

The SPL ranged between 78.0 and 98.8 dB. It increased
almost linearly with increasing Pg for all three larynges.
Concerning the increasing adduction force, no systematic
effects for SPL are observable. The SPL curves are quasi-
superposed for all three adduction levels.

The devolution for glottal flow resistance as a function
of the subglottal pressure and the adduction level is dis-
played in Fig. 4 showing Rp and in Fig. 5 showing R .

Glottal flow resistance R,
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FIG. 4. (Color online) The glottal flow resistance Rp defined by van den
Berg et al. (Ref. 41) as a function of the applied subglottal pressure Pg are
given for the three larynges and three different adduction levels (MP10,
MP50, and MP100).
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FIG. 5. (Color online) The glottal flow resistances R, defined by Alipour
et al. (Ref. 30) as a function of the three different adduction levels (MP10,
MP50, and MP100) and three larynges are given.

According to the definition by van den Berg e al.,*!
the flow resistance Ry increases with an increase in subglot-
tal pressure Pg. Additionally, for larynges L1 and L2, the
resistance also increases with an increase in adduction
level. In contrast, for L3, Rz shows the opposite behavior
and decreases with rising adduction level. The absolute val-
ues of Ry are found to be smaller for L3 than L1 and L2.
Because of the linear dependence that exists between flow
rate and subglottal pressure, the flow resistance R, for a
given adduction level is represented by one value. As Fig. 5
shows, the basic trend of R, is equal to the trend of Ry for
larynges L1 and L2, Fig. 4, i.e., flow resistance increases
with adduction. However, for larynx L3, R, also rises for
increasing adduction levels in contrast to Rg. The absolute
values of Rz are found to be smaller than the R, values for
all three larynges.

In summary, for global parameters, L1 and L2 show
similar basic behavior, whereas L3 responds differently,
especially with increasing adduction levels.

Local parameters are given in Fig. 6. For all three lar-
ynges, the lateral (up to 1.2 mm) and vertical displacements
(up to 0.85mm), and the absolute velocities (0.2—1.9 mm/
ms) are in physiological ranges. L3 shows the smallest verti-
cal displacements. L2 exhibits the largest velocities by a fac-
tor of two compared with L1 and L3.

For all three larynges, the lateral displacement is more
dominant than the vertical component. In the case of L3, the
lateral motion is much more pronounced compared to lar-
ynges L1 and L2. This can be shown by computing the ratio
between lateral and vertical displacements, which is higher
for L3 (1.9 <lateral/vertical <2.9) than for L1 (0.8 < lateral/
vertical <2.1) and L2 (1.2 <lateral/vertical < 1.7).

For all three larynges, no systematic trend for lateral
and vertical displacements as a function of Pg could be
found. However, velocity tends to increase with increase in
PS.

For increasing adduction, the basic trend of local param-
eters is similar for larynges L1 and L2. The displacements in
both directions and the velocity tend to increase with the ris-
ing adduction level, especially for high Pg values. Again, L3
shows the opposite behavior: the higher the adduction, the
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FIG. 6. (Color online) The local variables lateral displacements (top row), vertical displacements (middle row), and velocities (bottom row) as a function of
the applied subglottal pressure P are given for the three larynges (columns) and three different adduction levels (MP10, MP50, and MP100).

smaller the dynamic values, i.e., maximum amplitudes and
velocities are always found at the lowest adduction level
MP10.

For each larynx, the dynamic phase delay of the muco-
sal wave propagation along suture row r3 (between 11 and 15,
see Fig. 2) along the medial surface is given as a function of
the adduction level, see Fig. 7. The corresponding Pg and
airflow are given in Table III. For L1 and L2, the phase delay
increases at higher adduction levels, reflecting a decrease in
the propagation velocity of the mucosal wave. In contrast,
for L3, the phase delay remains almost constant at around

300
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3 150 -
& 100 -1 |
£ i 2
50 -
0 L L L L L L L L L J
0 10 20 30 40 50 60 70 80 90 100

weight at MP (g)

FIG. 7. (Color online) The phase delay of the mucosal wave propagation
along the medial surface are shown for high Pg values (see Table III) at three
different adduction levels for the three larynges.
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170°, corresponding to an unchanging wave propagation ve-
locity at different adduction levels. The corresponding tra-
jectories for the adduction level MP100 along suture row 13
are given in Fig. 8. Larynges L2 and L3 show almost perfect
periodicity, whereas the trajectories for L1 are more per-
turbed. Finally, L3 exhibits almost exclusively lateral
motion, in contrast to L1 and L2, both of which also have a
significant vertical component.

EEFs: The EEFs of the vocal fold dynamics were deter-
mined for the three different adduction levels (MP10, MP50,
and MP100). The calculations were performed on the basis
of the displacements of sutures in the centrally located verti-
cal row 13; see Fig. 2. In Figs. 9, 10, and 11, the EEFs for lar-
ynges L1, L2m and L3, respectively, are displayed. The
EEFs correspond to the test cases with Pg values as given in
Table I1I, i.e., high Pg with equal airflow. Furthermore, only
EEFs with an energy level of more than 10% of the entire
dynamic energy are discussed. According to Fig. 8, the flow
direction is upwardly directed. The glass plate of the setup is
located upright at position zero of the x axis.

Figures 9, 10, and 11 are composed as follows: the mean
vocal fold surface position (Offset: dashed green line), the
minimal displacement (Min curves: solid red line connecting
the arrow tails), the maximal displacement (Max curves: solid
blue line connecting the arrowheads), and the displacement
vector of the EEF (black arrows) at the corresponding sutures.
The contour of the vocal fold surface between the sutures is
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Trajectories for MP100 along suture row r3

Larynx1 (L1) Larynx2 (L2) Larynx3 (L3)
14 L , J j j ] 10 £777 ! ! ' : 1 T T T
Sl 16
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12 1 121!

-16 + FIG. 8. The trajectories along the mid-
=3 15 vocal fold edge dle suture row (r3) for all three lar-
oar o0 L ynges are given for the adduction level
3 -14 | MP100. Corresponding Pg values as
E 18 & given in Table III. For L3, suture 11
s -23 + showed only noisy behavior and was
'g 10 | ] therefore  excluded for analysis.
= -16 + 1 Trajectories represent the motion of
I= 20 24 1 the complete analyzed 110 ms interval
% == (L1: 18 cycles; L2: 22 cycles, L3: 15
o©
= cycles).

21| 8 | 29 Y
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interpolated by cubic B-splines, since these functions tend to ~ the Min (connecting arrow tails) and Max (connecting

minimize the curvature and are therefore appropriate for inter- arrowheads) curves cross each other slightly below the vocal

polating tissue surfaces.*> Furthermore, the numerical values fold edge near the second highest suture.

of the angle and the length of the displacement vector are Concerning the direction of motion in EEF1, L1 and L2

depicted for each suture having displacements of more than show significantly higher vertical components than L3, rep-

0.1 mm. resented by higher absolute values of the angle of the dis-
The displacement of a suture is defined by the length ~ placement vector, especially near the vocal fold edge. The

of displacement and the angle of the moving direction, energy level within EEF1 differs between the three larynges:

with 0° representing horizontal motion. Thus, angles whereas for L2 (47%-74%) and L3 (58%—-60%) the energy
with large absolute degree values reflect a high vertical level is fairly high, the energy level for L1 (28%—40%) is
component in the EEF. The higher the absolute degree significantly lower in EEF1.

value, the larger the vertical component. The angles For increasing adduction levels accompanied with
determine the spatial shape of the EEF and its contribu- increasing Pg for equal airflow, the Fig. 8-shape of the
tion to the entire dynamics. Higher absolute degree val- enclosed area in EEF1 becomes more developed for L1 and

ues reflect an alternating divergent-convergent shape and L2, ie., the lateral displacement components -clearly
dynamics of the medial surface. Angles close to zero are increase. In contrast, for L3, the lateral components become

approximately orthogonal to the glass plate, which indi- smaller with increasing adduction levels, i.e., the Fig. 8-
cates that these dynamics primarily govern the lateral  shape becomes more compressed.
movement of the vocal fold, which is responsible for EEF2: The energy levels of EEF2 are much lower for

modulating the glottal airflow and producing the acoustic L1 and L2 (£20%, with one exception) than for L3 (>33%).
signal.>* The signs of the angles reflect movement in a  For L1 and L2, the vertical components are fairly high, being
particular coordinate system (“+4” in the second and in the same range as or even larger than for EEF1. For L3,
fourth quadrants; “-” in the first and third quadrants). EEF2 is characterized by predominantly lateral displace-
The amount of energy governed by a given EEF (in %) ment, which is again in contrast to L1 and L2.

reflects the percentage of the total energy represented by For increasing adduction level, the absolute displacements
this EEF. For all three larynges, the vocal fold edge is in all suture positions decrease for L2 and L3. Furthermore,
near the second highest suture, where the offset curve for L2, an energy shift from EEF2 (35% — 13%) to EEF1

exhibits a location closest to the glass plate. (47% — T4%) occurs whereas the energy levels of EFF1
EEF1: The largest eigenfunction (EEF1) is given in the (~=59%) and EEF2 (=34%) for L3 remain constant. For

first row in Figs. 9, 10, and 11 corresponding to larynges L1, larynx L1, no systematic trend concerning EFF2 could be

L2, and L3, respectively. For all three larynges, it shows established.

qualitatively the same behavior. The vocal fold dynamics ex- EEF3: Only for L1 does EEF3 contain more than 10%

hibit a distinctive convergent-divergent shape change of the of the entire dynamic energy, Fig. 9. Comparable to the
glottal duct during motion between maximum and minimum EEFs accounting for more variance, it exhibits vertical and
positions. This is characterized by the Fig. 8-shape of the lateral components. With an increase in the adduction level,
area enclosed by the Max and Min curves of EEF1. Thereby, the energy percentage increases slightly from 10% to 12%,
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which is also visible in slightly increased displacement val-
ues (0.2 mm — 0.7 mm).
The distribution of the entire energy captured by EEFs
with more than 2% is reflected in the trajectories given in
Fig. 8. The least periodicity (L.1) is reflected by a low energy
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FIG. 9. (Color online) Larynx1l: The
three largest eigenfunctions for each of
the three adduction levels (MP10,
MP50, and MP100) are given along
the middle suture row (r3). The Pg val-
ues (see Table III) are raised for
increasing adduction at equal airflow.
For MP10 and MP50 only sutures 13
(bottom)—16 (top) are given, due to the
very small displacements at 11 and 12.

portion of the two largest EEFs, between 47% and 56%. In
contrast, L2 reaches 72%—-87% of the entire energy in the
two largest EEFs; as a result, the trajectories are much more
periodic. L3 shows the highest periodicity, being reflected in
energy levels of 93% in the two largest EEFs.
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IV. DISCUSSION computed as Rp (Fig. 4), and also R, (Fig. 5). From an aero-

Global parameters: First, it should be mentioned that
basic phonatory relations were reproduced. An increase in
subglottal pressure resulted in an increase in the fundamental
frequency, as demonstrated by Alipour er al.>****" and
Jiang and Titze.'® Furthermore, higher airflow, f, and SPL
were found with increasing P values.™

Based on a preliminary, single ex-vivo hemilarynx
study, Déllinger & Berry”* hypothesized that subglottal pres-
sure and flow rate were not significantly influenced by
increasing (posterior) vocal fold adduction (levels at 10, 20,
and 50g). However, the present study of three human
excised larynges with a larger range of applied adduction
forces (10, 50, 100 g) showed a large impact. In fact, for lar-
ynges L1 and L2, the results yielded a decrease in flow rate
at equal subglottal pressure for increasing adduction level
(Fig. 3). This relationship is consistent with results presented
by Alipour and colleagues,**** who performed experiments
with excised animal larynges in a full larynx setup. The
effect is caused by an increase in the glottal flow resistance

J. Acoust. Soc. Am. 139 (5), May 2016

dynamic point of view, a high degree of adduction causes a
high flow resistance and therefore a high energy transfer
from the glottal flow to the vocal fold tissues. This yields a
large transglottal pressure drop. As a consequence, high sub-
glottal pressures can be generated at relatively low flow rates
for L1 and L2 (compare Fig. 3). Considering the limited
lung volume for glottal flow generation, a high adduction
level is desirable for effective and economic phonation.

In contrast, the results for larynx L3 show the opposite
behavior. On increasing the adduction level, the flow resist-
ance Rp tends to decrease, as shown in Fig. 4. Thus, at equal
subglottal pressure, the glottal flow rate rises for larger
adduction levels, as displayed in Fig. 3, which reduces the
efficiency of the phonation process. Considering the glottal
flow resistance R, based on Alipour et al.,30 it also shows a
slightly increasing tendency for rising adduction levels.
However, as R, is defined as a derivative of the subglottal
flow with respect to the flow rate, flow resistance generated
by non-vibrating vocal folds (absolute prephonatory resist-
ance offset) in the low subglottal pressure range is not taken
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into account by R,. Therefore, the authors suggest that Rp
might better describe the relationship between subglottal
pressure and flow rate.

Although the adduction has a large impact on the flow-
pressure relationship, its influence on the fundamental
frequency and the generated SPL is negligible and non-
systematic. Similar findings for SPL were presented by
Alipour et al.*® However, on performing a spectral analysis
of the generated sound, they found an enhancement of the
sound intensity of higher harmonics, especially the second
harmonic. This spectral analysis was not possible with our
acoustic data due to the high ambient noise level.*®

Local parameters: Displacement and velocity values
(Fig. 6) are in similar ranges to earlier ex-vivo'”'® and
in-vivo canine'® hemilarynx studies, in-vivo human investi-
gations,'? and synthetic models.?* The displacement ratios
(lateral/vertical amplitudes) for L1 and L2 are up to 2.1, as
seen in other studies.? In contrast, for L3 (where the ratio is
up to 2.9), lateral components are much more pronounced.
Similar to Boessenecker et al.,17 an increase in subglottal
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pressure resulted in increased vocal fold velocities. In con-
trast to assumptions by Boessenecker er al.,'” vocal fold
adduction forces appear to influence the absolute values of
vocal fold displacements and velocities, especially at high
Ps. For L1 and L2 the dynamical amplitudes increase,
whereas for L3 the dynamic amplitudes decrease. This
behavior of L3 might be related to increased tissue stiffness
induced by the applied adduction forces, or just greater
than normal overall (vertical) stiffness of the vocal tissue in
principle.

For assessing mucosal wave propagation, phase delays
in the range of 129° to 257° were found between the vocal
fold edge (15) and the most inferior suture 11 (approx. 8 mm
below 15). Hence, the phase delays correspond to values of
16°/mm to 32°/mm. Similarly high lateral phase delays were
found at ~182° (equals 23°/mm) before.'” Even higher
phase delays were reported for canines, see Table I in Titze
et al.* They computed phase delays between 24°/mm and
61°/mm where the phase delay was determined over a dis-
tance of 2 mm around the vocal fold edge in ex-vivo canine
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models. Also, for an in-vivo canine model,”” phase delay val-

ues between 25°/mm and 59°/mm (equals 101°-234° for a
distance of approx. 4 mm) were computed when converting
their values (Table V) to ours. Additionally, phase delay val-
ues reported in our study coincide with values found for
synthetic (24“’/mm—30°/mm)22 and computational (8°/mm-—
32°/mm)*° multi-layer models of human vocal folds. In sum-
mary, our computed phase delay values are in the lower
region of canines and match previous results for excised
humans, synthetic, and computational models. It has to be
mentioned that there are also studies reporting mucosal wave
phase delays below 100°.>' However, the actual and exact
positions and distances where these values were obtained
were not given.

EEFs: Several previous studies have shown that the pri-
mary power of the method of EEFs is derived from its data
reduction capability (e.g., it is equivalent to principal com-
ponents analysis in statistics). That is, by reducing complex
vibratory motion to essential dynamics, fundamental laryn-
geal vibration patterns are often revealed.'”?*3>> For
example, previously the method of empirical functions dem-
onstrated physical mechanisms for transferring energy from
the glottal airflow to the vocal fold tissues,”**?*% and for
distinguishing aerodynamically and acoustically induced
vocal fold vibrations.>*

As displayed in Fig. 8, the trajectories of larynges L1
and L2 exhibit superposed vertical and lateral motion during
vibration. Decomposing the oscillatory motion, the two larg-
est EEFs of L1 and L2 describe a balanced vertical-lateral
oscillation (Figs. 9 and 10) whose amplitudes increase with
increasing adduction. This is accompanied by increased Pg
for equal airflow rates. Qualitatively, the characteristics of
the increasing vertical-lateral motion are described by stron-
ger prominence of the Fig. 8-shape of EEF1, defined by the
Min and Max amplitude contours as also reported
previously. >

For larynx L1, the vertical-lateral balanced vibration is a
result of the superposition of EEF1 and EEF2 for all three
adduction levels. An increasing adduction level for constant
airflow (whereby Pg raises) results in increasing amplitudes
in both the lateral and vertical directions, which is most pro-
nounced in the higher range of subglottal pressure, as
depicted in Fig. 6. Furthermore, the amplitude increase for
L1 becomes apparent in both EEF1 and EEF2, Fig. 9. In con-
trast, for larynx L2, the balanced vertical-lateral motion is
mainly included in EEF1 whereas EEF2 describes mainly
the lateral vibratory motion. In this case, the stronger charac-
teristic of a balanced vertical-lateral motion is generated by
an energy transfer from EEF2 to EEF1 during the adduction
increase. The reason for the differences in the EEFs of L1
and L2 might be the less periodic oscillation of L1, which
results in a homogeneous energy distribution in EEF1 and
EEF2. However, this aperiodicity in the case of L1 did not
influence the efficiency of the fluid-structure interaction
between the glottal flow and the vocal fold tissues because
the flow-pressure relationships for L1 and L2 are systemati-
cally equivalent.

In comparison with L1 and L2, EEF1 and EEF2 of lar-
ynx L3 exhibit primarily lateral vibrational components.
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This is most obvious when comparing the diagrams of verti-
cal and lateral amplitudes in Fig. 6. For both of the EEFs,
the amplitudes decrease at constant airflow with increasing
adduction and decreasing Pg, reflecting the decreasing
energy transfer from the glottal flow to the vocal fold
tissues.

Hence the authors suggest that an effective energy trans-
fer might be favored by a balanced vertical-lateral oscillation
pattern which produces the distinctive convergent-divergent
shape change in the glottal duct.’*3% Furthermore, this
seems to be valid also in cases of slightly aperiodic (L.1) but
still balanced vertical-lateral oscillations of the vocal fold. In
cases with an overemphasis of just a single direction of
motion (whether lateral or vertical, as seen for L3), the
energy transfer might be disturbed, resulting in a low effi-
ciency of the fluid-structure interaction between the airflow
and vocal fold tissue. As a result, the effort to sustain phona-
tion may increase significantly.

A. Limitations

Although this study gave additional insights into the
phonatory process, especially regarding the medial surface
dynamics of the vocal folds, there are several limitations that
will need to be considered in future work:

(1) Detailed effects of changed laryngeal control parameters
on the acoustic signal (e.g., jitter, shimmer, harmonic-to-
noise ratio (HNR), or spectral patterns) as shown else-
where,?® were not investigated. This is because our experi-
ments were not conducted in a soundproof booth, hence
yielding an ambient noise level that was too high to allow
further meaningful evaluation of the acoustic signal.*®

(2) Due to the challenge of performing ex-vivo hemilarynx
experiments and the limited availability of human lar-
ynges, only three larynges were investigated. To further
substantiate the conclusions drawn here, we suggest that
the number of larynges studied be increased to at least
ten to allow for statistical analysis. This could be
achieved by using ex-vivo animal or synthetic models.

(3) The influence of an increased elongation level was not
considered. Further, influences of vocal fold adduction
and elongation on aerodynamic parameters, such as pho-
nation onset, as reported for elongation,57 were not
investigated.

(4) Owing to the limited number of runs for the different
adduction levels, no statistical analysis was possible and
only trends could be reported. However, both theoretical
and experimental studies suggest possible nonlinear
effects, especially for elongation.”” Hence, in future
studies, more runs for each stimulation level should be
considered.

(5) The current data do not allow the determination of an
optimal adduction level for the most effective phonation.
Therefore, more adduction levels should be investigated
with respect to sound production.

(6) Potential age and gender influences and vocal tract influ-
ences were not investigated.

(7) An unavoidable limitation is that left-right asymmetric
conditions (as investigated in numerical®®>®® and full
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larynx57 models), realistic vocal fold collision, and real-
istic subglottal and supraglottal loading could not be
simulated using the hemilarynx methodology.

V. CONCLUSION

This study investigated quantitative global and local
vocal fold dynamics as a function of vocal fold adduction
within a hemilarynx setup with three excised human lar-
ynges. Induced effects on the tracheal airflow, the glottal
aerodynamics, and the medial vocal fold surface dynamics
were visualized by EEF analysis. Despite the incomplete
phonatory glottal closure for all three larynges, qualitative
and quantitative dynamic characteristics were found similar
to previous hemilarynx studies where full glottal closure dur-
ing phonation was achieved.'”’

For two larynges, the study suggests that, on the one
hand, the increase of the adduction level at constant flow
rates raises the subglottal pressure Pg, Fig. 3 top row, see lar-
ynges L1 and L2. On the other hand, by keeping the subglot-
tal pressure constant and increasing the vocal fold adduction,
the airflow decreases.

Both interrelations are caused by the increase of the
glottal flow resistance (Figs. 4 and 5) due to the reduction of
the glottal flow path. The increase of flow resistance gener-
ates a larger energy transfer from the airflow to the vocal
folds. This energy transfer results in the rise of the dynamic
amplitudes of the vocal fold oscillation (Fig. 6). Therefore,
at constant excitation (P or airflow), higher adduction levels
enhance the response of the glottal system (i.e., larger oscil-
lation of the vocal folds) by generating economic and effi-
cient laryngeal conditions.

The analysis of the vocal fold oscillation by EEFs
exposed a balanced vertical-lateral oscillation pattern pro-
ducing the characteristic convergent-divergent shape change
of the glottal duct. This oscillatory pattern tended to become
stronger by enhancing the adduction level. Hence, we sug-
gest that, depending on the excitation strength, the adduction
control during phonation maintains a balanced lateral-
vertical oscillation pattern.

Furthermore, the results indicate that the balanced
lateral-vertical oscillatory pattern of the vocal folds (although
exhibiting less periodicity as seen for L1) might be more im-
portant, for yielding an efficient phonation, than a high level
of periodicity of the oscillations with unbalanced oscillatory
pattern, as seen for L3. It is hypothesized that certain muscle
dysfunctions (e.g., muscle tension dysphonia or vocal hyper-
function) might generate overly-dominant lateral oscillations.
Owing to the unbalanced vertical-lateral oscillation pattern,
the energy transfer between glottal flow and the vocal folds
might be disturbed resulting in the decay of the oscillation
amplitudes for increasing adduction levels. Future work could
further explore this hypothesis.

Finally, in subsequent work, it may also be useful and
informative to study the corresponding acoustic signal. For
example, different adduction levels might be more suitable
for certain subglottal pressure levels by facilitating the
dynamic phonatory process and resulting in a stronger
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acoustic signal. The analysis of the acoustic signal could
assist in the analysis of this hypothesis.
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