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Summary: Objective. The shape of the vocal fold medial surface, particularly its vertical thickness, has been 
shown in computational and physical modeling studies to be highly influential in regulating glottal closure 
during phonation. However, because of the difficulty to quantify the vertical thickness in real vocal folds, this 
influence has often been overlooked in clinical contexts. Therefore, the goal of this study is to present a method 
to calculate an effective vertical thickness of the medial surface that is predictive of the glottal closure pattern 
during phonation. 
Methods. An effective vertical thickness of the medial surface is calculated as a weighted integral of the medial 
surface contour along the vertical dimension. The weight is one for the part of the medial surface within a fixed 
threshold distance from the most medial point, and decays exponentially otherwise. The influence of the 
threshold distance value on the effective thickness value is investigated. Additionally, the sensitivity of the 
calculated effective thickness to slight misidentification of the vertical glottal midline is also studied. The 
methodology is validated on the vocal fold medial surface data from a canine hemilarynx at different levels of 
thyroarytenoid muscle activation.
Results. For most threshold distances, the thickness follows an expected sigmoid-like trend with respect to the 
thyroarytenoid muscle activation level. A threshold distance of 0.05 mm appears optimal as it produced 
thickness changes in a range comparable to previous computational and experimental studies. The methodology 
is relatively robust to slight misidentification of the vertical glottal midline.
Conclusions. A methodology to estimate the effective vocal fold vertical thickness from medial surface con-
tours is proposed. The methodology can be applied in future studies to correlate medial surface shape to 
relevant parameters characterizing vocal fold vibration as well as clinical evaluation of treatment effectiveness.
Key Words: Medial surface–Vertical thickness–Computed tomography–Magnetic resonance imaging–Closed 
quotient.  

INTRODUCTION
During phonation, the airflow coming from the lungs primarily 
interacts with the medial surface of the vocal folds. Therefore, 
the prephonatory shape of the medial surface is essential in 
controlling the vibration patterns of the vocal folds, which in 
turn affects the produced voice sound.1-3 However, the varia-
tions of the prephonatory medial surface shape, particularly of 
the vertical thickness, and their influence on the vibration 
patterns, are often difficult to observe and quantify in vivo. 
Most previous studies have used numerical4-9 or physical10-12

models to investigate this influence, because those models allow 
for a clear definition and parameterization of the prephonatory 
vertical thickness of the vocal folds. Some of those studies re-
vealed that increasing prephonatory vertical thickness increases 
the closure duration within one cycle (closed quotient).4,12,13

In addition, one study by Zhang et al14 demonstrated an 

improvement in glottal closure during phonation of excised 
human larynges, when the vocal folds were qualitatively made 
thicker. The increase in closure duration is likely due to the 
larger phase delay between the lower and upper margins of the 
medial surface associated with an increase in vertical thickness: 
when the glottis starts opening at the lower margin, the upper 
margin will continue to stay closed for a longer time for thicker 
folds.4 Increasing the vertical thickness can also help counteract 
the effect of aerodynamic forces pushing the vocal folds apart, 
in the case of an increase in subglottal pressure. In a clinical 
context, where the goal is to improve the glottal closure pattern 
and closed quotient, treatment should therefore not only op-
timize the glottal gap in the horizontal dimension, but also the 
medial surface thickness in the vertical dimension.4,15

One of the main issues that prevents clinicians from 
considering the vertical thickness in treatment options, is 
the difficulty in quantifying the prephonatory vertical 
thickness in real vocal folds: because the real medial surface 
varies smoothly, the upper and lower margins are often not 
well-defined,16,17 in contrast with the vocal folds in com-
putational or physical models. Nevertheless, several studies 
proposed different methods to provide a geometric mea-
sure of the vocal fold thickness from x-ray and magnetic 
resonance images of the larynx. Notably, Hollien et al18,19

estimated the vocal fold thickness from x-ray images of the 
larynx during phonation at different fundamental fre-
quencies, by dividing the cross-sectional area of the vocal 
folds by their medial-lateral extent. They found values 
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ranging from about 4.5 mm to about 9.5 mm for men and 
from 3 mm to 7 mm for women, where the thickness 
monotonically decreased when increasing the fundamental 
frequency of phonation. Another method employed by 
Hampala et al20 defined thickness as the vertical extent of 
the medial surface falling within a threshold medial-lateral 
distance of the most medial point of the vocal folds. They 
measured thickness values ranging from approximately 
3 mm to 5 mm when using a threshold distance of 1 mm, 
and from 4 mm to 6.4 mm when using a threshold distance 
of 2 mm. In addition, Tayama et al21 used histologic sec-
tions of the vocal folds to define the thickness as the dis-
tance from the lower bound of the thyroarytenoid (TA) 
muscle to the upper limit of the vocal fold surface, and 
found values ranging from about 8.75 to 10.25 mm.

Alternatively, the vocal fold thickness can be defined as an 
“effective” thickness of the prephonatory medial surface, where 
its value is directly related to the glottal closure pattern during 
phonation. This definition was employed by Wu et al,13 who 
used the same method as in the study by Hampala et al20 but 
found that a much smaller threshold distance (0.05 mm) was 
needed to get a linear relationship between the prephonatory 
thickness value and the closed quotient. The measurement of 
such an effective thickness could be applied to computed to-
mography scans or magnetic resonance images of the vocal 
folds in the coronal plane to predict glottal closure patterns in 
living human subjects. This may be used in clinical contexts to 
evaluate the necessity of increasing or decreasing the effective 
thickness to reach an optimal closure pattern,15 and to evaluate 
treatment outcomes.

The goal of this study is therefore to propose a methodology 
to measure the effective thickness of the prephonatory medial 
surface based on the method used in Hampala et al20 and Wu 
et al.13 Two measurement parameters are investigated to un-
derstand their influence on the measurement. The first para-
meter is the value of the threshold distance, which can impact 
the average and range of the measured thickness. The other 
parameter is the rotation of the vertical glottal midline in the 
coronal plane, simulating potential misidentification of the 
vertical midline. The vertical glottal midline can be difficult to 
accurately identify in computed tomography scans or magnetic 
resonance images, particularly when there is a gap between the 
vocal folds, and a misidentification can potentially have an 
impact on the measurement of the effective thickness. The in-
vestigation of this parameter aims at estimating the magnitude 
of this impact.

To validate the methodology, it is applied to three-di-
mensional (3D) reconstructed prephonatory medial surface 
contour data from a canine hemilarynx, where the TA 
muscle was stimulated at 13 different activation levels of 
increasing magnitude, from 0 (no activation) to 12 (max-
imum activation). The prephonatory effective thickness at 
different levels of TA activation is analyzed for different 
values of the threshold distances and glottal midline rota-
tion. The contraction of the TA muscle is known to have 
the largest effect on vocal fold thickness,16,17,22-25 and the 
closed quotient was previously shown to be correlated with 

the level of TA activation.26,27 Based on the known effect 
of the TA muscle activation and on previous results from 
computational and physical modeling studies, the following 
criteria are used to determine an optimal value for the 
threshold distance, ordered by level of importance: 

(1) The prephonatory effective thickness should increase 
monotonically with increasing TA activity, following 
a trend similar to a sigmoid function: barely increase 
until a certain TA activation level, then increase more 
rapidly before reaching a plateau for higher TA acti-
vation levels.26

(2) The range of the prephonatory effective thickness 
should be similar to the ranges used in other compu-
tational or physical modeling studies6,12,13 (the thick-
ness values used in those studies are listed in Table 1).

(3) The average value of the prephonatory effective 
thickness should be similar to the average values used 
in other computational or physical modeling stu-
dies6,12,13 (the thickness values used in those studies 
are listed in Table 1).

METHODS
Vocal fold vertical thickness measurement
The medial surface contour is expressed in a x y( , ) plane, 
where x is the medial-lateral axis (x increases toward the 
medial direction) and y is the vertical (inferior-superior) axis. 
The vertical glottal midline corresponds to =x 0, and the 
medial surface contour is defined as x y( )c . The most medial 
point on the surface is located and its position on the x axis is 
defined as xm. Then, the horizontal distance from the most 
medial point dm is defined as =d y x x y( ) ( )m m c . The first 
attempts to measure the thickness by simply calculating the 
vertical extent of the surface that falls within the threshold 
distance (as described in 20) occasionally revealed dis-
continuities in the thickness values from one slice to another, 
due to the medial surface contours sometimes containing both 
convex and concave portions. Consequently, the original 
method was altered to smooth out those discontinuities, by 
measuring the thickness T as a weighted integral along the 
vertical dimension of the medial surface

=T w d dy( ) ,
L

U

m
(1) 

TABLE 1.  
Range of the Medial Surface Prephonatory Thickness 
Values Used in Previous Computational and 
Experimental Studies 

Study Medial surface thickness range

Zhang, 20166 1-4.5 mm
Wu et al, 201913 0.2-6 mm
Taylor et al, 202212 1.01-6.01 mm
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where U and L are the upper (superior) and lower (inferior) 
limits of the vocal fold medial surface (see Figure 1A), and 
w d( )m is the weight function. The weight is defined at each 
vertical location according to the horizontal distance from the 
most medial point d y( )m and the threshold distance dth

=
>

w d
d y d

e d y d
( )

1, if ( )

, if ( )
m

m th

d y d
m th

( ( ) )m th (2) 

where is a factor determining how fast the weight function 
decreases. In this study, is set to 70, which allows smoothing 
out the thickness discontinuities without substantially altering 
the average thickness value. The weight function is plotted in 
Figure 1B for dth = 0.01 mm. The precise locations of U and L
are not so critical because the weight function decays very fast. 
Nevertheless, the upper limit of the medial surface U should 
not be beyond the highest (most superior) location on the 
medial surface, as shown in Figure 1A. It is also worth noting 
that the glottal gap (ie, xm) has no effect on the calculated 
thickness. Thus, while the glottal gap and medial surface shape 
often covary in humans, our method allows us to isolate 
thickness changes from changes in the glottal gap.

Experimental setup and protocol
The data presented in this study stem from in vivo canine 
experiments performed in previous studies, and therefore 
the detailed description of the experimental setup and 
procedure can be found, for example, in.28-30 It is briefly 
described here for clarity.

One mongrel canine was put under general anesthesia, 
and the larynx was prepared into a hemilarynx to expose 
the left vocal fold. The vocal fold medial surface was 
marked with black India ink to form a grid of flesh points. 
A prism was placed along the glottal midline, which al-
lowed to record a stereoscopic view of the vocal fold medial 
surface and to reconstruct it in 3D using the software 
DaVis. A digital high-speed camera was used to register the 
motion of the vocal fold medial surface at 3000 frames per 
second and with a resolution of 384-by-672 pixels. Spatial 

dimensions were calibrated using a plate with a known 
pattern.

The TA muscle was stimulated with an electric current 
pulse train across 13 linearly spaced levels of pulse ampli-
tude, from no activation (level 0) to a maximum activation 
level, defined as the level beyond which no further change 
in the medial shape was observed (level 12).

Data analysis
For each TA activation level, the medial surface contour 
was extracted by DaVis with a 0.043-mm resolution in both 
the anterior-posterior and inferior-superior axes. The con-
tour was extracted at 275 coronal slices along the anterior- 
posterior axis, each containing 399 vertical points. Data 
were processed and analyzed in MATLAB 2019b (The 
MathWorks, Inc., Natick, MA). The vocal fold surface is 
divided into three equal-length parts along the anterior- 
posterior axis, and the average value of the thickness in the 
middle third is calculated.

Investigated parameters
The thickness is calculated using seven different values of 
the threshold distance dth: 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, and 
1 mm, spanning the range used in previous studies. In ad-
dition, to simulate potential misidentification of the vertical 
glottal midline, the medial surface is rotated in the coronal 
plane (about the anterior-posterior axis) by angles from 
− 10° to 10° with increments of 1°, resulting in a total of 21 
tilting conditions. The range of − 10° to 10° is chosen si-
milarly to the study by Schlegel et al.31 The rotation is 
applied to the left vocal fold as oriented in Figure 1A. 
Thus, a negative angle corresponds here to a clockwise 
rotation, causing the medial surface to become more con-
vergent (ie, larger convergence angle between the two 
medial surfaces), and a positive angle corresponds to a 
counterclockwise rotation, causing the medial surface to 
become more divergent, with respect to the vertical glottal 
midline.

FIGURE 1. Description of the method to measure the vertical thickness. A. Medial surface at one coronal position where the plain gray line 
represents a typical contour as observed in computed tomography scans and the plain black line (between lower limt L and upper limit U) shows 
the portion of the contour used for thickness measurement. B. Weight function used in the integral to calculate the vertical thickness.
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RESULTS
Influence of threshold distance
Figure 2 depicts the values of the average thickness in the 
middle portion of the vocal fold, for each TA activation 
level and for each threshold distance value. Additionally, 
Table 2 provides the numerical values of the range (dif-
ference between the maximum and minimum values) and 
average of the thickness values across all activation levels. 
As expected, the measured thickness consistently increases 
when increasing the threshold distance.

For lower threshold values (0.01 to 0.05 mm), the trends 
in the thickness values with increasing TA activation levels 
are very similar, but the range of the thickness increases 
with increasing threshold values and is the largest for dth

= 0.05 mm (Table 2). As the value of dth increases further 
above 0.05 mm, the range of thickness values progressively 
decreases.

For higher values of dth (0.2 to 1 mm), the calculated 
thickness values stay constant for TA activation levels from 
6 to 12. This can be explained by the fact that, at those 
levels of activation, the anterior and middle parts of the 
vocal fold are pressed against the glass plate, which re-
places the glottal midline in the hemilarynx experiment. In 
this case, the entire reconstructed medial surface is confined 
to a small medial-lateral slice, with the medial-lateral extent 
of the slice even smaller than the threshold distance dth, and 
therefore the value of the thickness corresponds to the 
entire vertical extent of the surface. For dth = 1 mm, this is 
the case at all activation levels because the medial-lateral 
extent of the extracted medial surface in our dataset has a 
maximum of approximately 1 mm.

Influence of the medial surface rotation
As previously mentioned, precise identification of the ver-
tical glottal midline is difficult, particularly when there is a 
gap between the two vocal folds. In our dataset, a large 
part of the medial surface is pressed against the glass plate 
for TA activation levels 6 to 12, which means that at those 
levels of activation, the vertical glottal midline is much 
easier to correctly identify. Consequently, the rotation of 
the medial surface is only applied here to the conditions 
where there is a glottal gap, that is, at TA activation levels 0 
to 5, for which the vertical glottal midline is more likely to 
be misidentified.

The variations of the thickness values with medial sur-
face rotation are shown in Figure 3. The rotation generally 
decreases the measured thickness. This effect is, however, 
stronger for negative angle rotations, which make the 
medial surface more convergent with respect to the vertical 
glottal midline. Additionally, negative angle rotations have 
some effect on the trend of the effective thickness, as its 
value increases at muscle activation levels 2 and 3 more 
than other levels, especially for a rotation of − 4° (see 
Figure 3).

To investigate the deviations of the thickness due to 
misidentification of the vertical glottal midline, we calcu-
lated the average value and the range (difference between 
the maximum and minimum value) of the thickness across 
all TA activation levels, for each threshold distance and 
rotation angle. Figure 4 presents those values of the 
average (Figure 4A) and the range (Figure 4B) as a per-
centage of the “reference” value at 0° rotation.

The analysis of the average effective thickness confirms 
that its value decreases with rotation in most cases, with a 
visibly stronger effect for clockwise rotations (negative 
angles). The only exceptions are for a − 1° rotation with 
dth = 0.01 mm to dth = 0.05 mm, and for counterclockwise 
rotations (positive angles) up to 7° with dth = 0.5 mm. The 
dashed lines in Figure 4A indicate the range of rotation 
angles within which the average thickness is between 80% 
(underestimation) and 120% (overestimation) of the re-
ference value at 0°. For negative angles, the limit is − 4° for 
threshold distances up to 0.02 mm, and gradually increases 
to reach − 10° at threshold distances ≥0.5 mm. For positive 

FIGURE 2. Average thickness in the middle portion of the vocal 
fold, calculated for each TA activation level and for different 
values of the threshold distance dth (indicated next to each line).

TABLE 2.  
Range of Thickness Values (Difference Between the 
Maximum and Minimum Value) and Average Value 
Across All Activation Levels, for Each Threshold 
Distance Value 

Threshold 
distance 
(mm)

Average value of 
the thickness 
across all 
activation 
levels (mm)

Range of 
thickness 
values across 
all activation 
levels (mm)

0.01 2.0 3.2
0.02 2.7 4.1
0.05 4.3 5.4
0.1 5.8 4.4
0.2 6.5 3.8
0.5 7.1 2.7
1 7.3 1.4
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angles, the limit consistently stays at 10° for all threshold 
distances.

Regarding the range of thickness, the limit is ± 10° for 
threshold distances up to 0.02 mm, as visible in Figure 4B. 
It suddenly decreases for higher threshold distances and 
oscillates between − 2° and − 3° for negative angles. For 
positive rotation angles, the limit is higher at 9°, 5°, 8°, 9°, 
and 10° at dth = 0.05 mm, dth = 0.1 mm, dth = 0.2 mm, 
dth = 0.5 mm, and dth = 1 mm, respectively.

DISCUSSION
The goals of this study are to explore a methodology to 
quantify the vocal fold medial surface vertical thickness 
and apply this methodology to 3D-reconstructed medial 
surface data from a hemilarynx. Particularly, the intention 
is to investigate how different parameters impact the 
measured thickness and to determine an optimal value for 
the threshold distance.

Regarding the trends of the measured effective thickness, 
most threshold distances result in a meaningful trend, 
where the thickness increases with increasing TA activa-
tion. Except for dth = 0.2 mm and dth = 0.5 mm, the 
thickness follows a trend similar to a sigmoid function: it 
stays rather constant for lower TA activation, then sud-
denly increases around an activation level of 6, 7, or 8 

(recall Figure 2), and reaches a plateau for higher TA ac-
tivation levels. In this regard, most threshold distances 
(except 0.2 and 0.5 mm) appear appropriate to estimate the 
effective thickness, based on criterion (1).

The largest threshold distance (1 mm) displays, however, 
a reduced range of the measured thickness (only 1.4-mm 
range, with values from 6.5 mm to 7.9 mm), suggesting that 
this threshold distance is not useful to estimate the effective 
thickness in a meaningful way, following criterion (2). 
Smaller threshold distances appear to exhibit a more 
meaningful range of thickness values (> 3 mm). 
Particularly, a threshold distance of 0.05 mm results in the 
maximum range of 5.4 mm, which is very close to the range 
of thickness found by Wu et al13 (5.8 mm) using the same 
threshold distance. Smaller threshold distances of 0.01 mm 
or 0.02 mm result in a smaller range of thickness (3.2 mm 
and 4.1 mm), which is comparable with the range of 
thickness used in the computational model by Zhang.4,6

Nevertheless, because the study by Wu et al13 is based on 
data from magnetic resonance images of the vocal folds, a 
threshold value of 0.05 mm appears more appropriate.

In general, the prephonatory effective thickness con-
sistently increases with increasing threshold distance (see 
Figure 2), which is an expected feature of this metho-
dology, due to the rounded shape of the medial surface of 
the vocal folds. This feature is also visible in the analysis of 

FIGURE 3. Vertical thickness measured at the middle portion of the vocal fold for each TA activation level, showing the effect of medial 
surface rotation from − 10° (clockwise—the glottis becomes more convergent) to + 10° (counterclockwise—the glottis becomes more 
divergent). Only some of the angles are shown for clarity. The values are shown for each threshold distance: (A) 0.01 mm, (B) 0.02 mm, (C) 
0.05 mm, (D) 0.1 mm, (E) 0.2 mm, (F) 0.5 mm, and (G) 1 mm. For each panel, the thickness at 0° (reference value) is displayed in black.
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the average value of the effective thickness for each 
threshold distance (Table 2). It shows that threshold dis-
tance values above 0.05 mm exhibit average thickness va-
lues that are much higher than the values found in previous 
computational (as in 4,6) and physical (as in 12) studies that 
have a straight, vertical medial surface with clearly defined 
upper and lower margins, or used data from MRI scans 
with a threshold distance of 0.05 mm.13 Consequently, the 
results further support the relevance of using lower 
threshold values (0.01 to 0.05 mm) for the effective thick-
ness, based on criterion (3).

While this optimal threshold value of 0.05 mm may 
seem small when compared with the overall dimensions of 
the vocal folds, which are in the order of 10 mm,21,32 it is 
consistent with the fact that changes in medial surface 
shape due to laryngeal posturing are often subtle. Thus, if 
too large a threshold value is used, the calculated thick-
ness will largely reflect shape changes on the inferior 
surface and be less sensitive to subtle changes on the 
medial surface. For example, Hampala et al20 calculated 
vocal fold thickness using a 1-mm and 2-mm threshold 
distance, and only revealed very small variations of the 
vocal fold thickness.

The second parameter investigated in this study is the 
rotation of the medial surface, simulating potential mis-
identification of the vertical glottal midline. In images from 
computed tomography or magnetic resonance imaging, the 
vertical glottal midline can sometimes be difficult to cor-
rectly identify, particularly when there exists a gap between 
the vocal folds. This can potentially have a substantial ef-
fect on the measurement of the effective thickness, and 
the investigation of this parameter serves to assess the 
sensitivity of our methodology to misidentification of the 

vertical glottal midline. The results suggest that the meth-
odology is generally more sensitive to clockwise rotation 
(negative angles, causing the medial surface of the left vocal 
fold to be more convergent or less divergent) than coun-
terclockwise rotation (positive angles, causing the medial 
surface of the left vocal fold to be less convergent), as 
visible in Figures 3 and 4. For threshold distances up to 
0.05 mm, a maximum clockwise rotation of − 3° appears 
to be a reasonable limit to avoid significant variations in 
the trend of the effective thickness at lower TA activation 
levels, while a counterclockwise rotation up to 9° causes 
less than a 20% deviation in both the average and range of 
the effective thickness value (Figure 4). This suggests that, 
when one is unsure about the exact location of the vertical 
glottal midline in coronal images, it is better to err on the 
side of a less-convergent medial surface in order to obtain a 
more accurate estimation of the effective thickness.

This study has two main limitations. The first limitation 
is the fact that only one larynx was used to validate the 
methodology. The extent to which the range and average 
value of the effective thickness could vary between different 
larynges is unknown, even though Wu et al13 found rather 
similar thickness values for the two larynges they used. 
Additionally, inherent differences between male and female 
human larynges19,33 can also result in substantial differ-
ences in the range and average values of the effective 
thickness. More work is needed to better understand how 
those differences may impact the proposed methodology. 
The second limitation is the lack of closed quotient mea-
surement. The data from this study stem from static 
experiments where the vocal fold was not phonated, 
therefore the closed quotient could not be measured. The 
methodology should be further validated using computed 

FIGURE 4. Variations of the average value (A) and range (B) of the thickness across all TA activation levels. Those variations are shown 
for each threshold distance (columns) and rotation (rows) condition. For each panel, the values of the range and of the average are 
indicated as a percentage of the “reference” value at 0° rotation. The dashed black lines indicate the range of rotations within which the 
average value and range of the effective thickness are between 80% and 120% of the reference value.
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tomography scans or magnetic resonance images when the 
closed quotient data are also available.

CONCLUSION
This study provides the basis for a methodology to 
measure the “effective” vocal fold medial surface vertical 
thickness that can be used to predict the glottal closure 
pattern during phonation. The influences of the threshold 
distance and of potential misidentification of the vertical 
glottal midline on the trends of change, range, and 
average values of the measured thickness with varying TA 
stimulation are examined. An optimal threshold value is 
determined to be 0.05 mm, as it results in a trend, range, 
and average value of the thickness closest to the ones 
reported in previous computational and experimental 
studies. The methodology appears relatively robust to 
slight misidentification of the vertical glottal midline 
(− 3° to 10°), particularly when such misidentification 
leads to a less-convergent medial surface contour, which 
still provides an adequate estimation of the effective 
thickness. This suggests that in case of uncertainty about 
the exact location of the vertical glottal midline in cor-
onal images, erring on the side of a less-convergent 
medial surface is better to obtain a more accurate esti-
mation of the effective thickness. The methodology can 
be used in a clinical context to evaluate treatment out-
comes in the case of nonoptimal glottal closure patterns, 
such as hypoadduction or hyperadduction.
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