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1 | INTRODUCTION

Videostroboscopy, the current gold-standard for laryngeal endoscopic

examination clinically,>?

highly unstable and severely disordered voices.>* Over the past two

Michael Déllinger PhD? |

is limited with regard to examination of

Marion Semmler PhD?

Abstract

Objective: The objective of this study is to evaluate three-dimensional vertical
motion of the superior surface of the vocal folds in vivo in (a) typically developing
children as a function of vocal frequency variations and (b) a child with vocal nodules.
Methods: A custom developed laser endoscope coupled with high-speed videoendo-
scopy was used to obtain 3D parameters from 2 healthy children, one child with
vocal nodules, and 23 vocally healthy adults (females = 11, males = 12). Parameters
of amplitude (mm), maximum opening/closing velocity (mm/s), and mean opening/
closing velocity (mm/s) were computed for the lateral and vertical vibratory motion
along the anterior, middle, and posterior sections of the vocal folds were computed.
Results: We provide for the first time, absolute measurements of vertical amplitude
and maximum/ mean velocity during the opening and closing phases, in vivo in chil-
dren. Overall, the vertical motion was larger in vocally normal children compared with
the lateral motion, especially along the visible posterior section of the vocal folds and
during low pitch phonation. The opening phase dynamics were consistently large
along the posterior section in the child with vocal nodules.

Conclusions: The study findings establish the feasibility of capturing 3D motion in a
clinical setting and provide proof of concept for the application of the proposed 3D
laser in the pediatric population. Future large sample size studies are needed to
establish the diagnostic potential of examining the closing phase vertical motion to
evaluate vibratory development in children with normal voice and investigating the
opening phase vertical motion in children with nodules.

Level of Evidence: N/A.

KEYWORDS
high-speed videoendoscopy, laser endoscopy, pediatrics, three-dimensional imaging

decades, there has been widespread utilization of high-speed videoen-
doscopy to gain robust insights into aperiodic, short duration vocal

5-11 and those with voice

fold vibratory motion; both in healthy adults
disorders.>12715 More recently, there is emerging evidence of the use-

fulness of high-speed videoendoscopy in gaining comprehensive
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insights into the dynamics of vocal fold motion in children with¢-8

and without!”?"=2% voice disorders. Laryngeal endoscopic examina-
tion with either videostroboscopy or high-speed videoendoscopy only
provides information of vocal fold motion in 2-dimension (2D).

Recent examination with custom developed grid laser projec-
tion unit coupled with high-speed videoendoscopy has demon-
strated the feasibility?*"2¢ and utility?”?® of quantifying not only

[29-31 [2427:28.32 motion of the

the latera motion but also the vertica
superior surface of the vocal folds in adults. Although data from
adults are valuable it cannot be directly applied to evaluate pediat-
ric voices due to substantial differences in laryngeal anatomy and
vocal fold histoarchitecture between children and adults. Children
typically have shorter vocal folds and underdeveloped deep layers
of the vocal folds.33=3? Children have higher prevalence of poste-
rior phonatory gap,*° a larger amplitude-to-length ratio,?* a longer
longitudinal phase delay between the anterior and posterior parts
of the vocal folds during the opening phase,'’ and greater cycle-
to-cycle variability?* compared with typical adults. Given these
substantial changes in vocal anatomy and physiology, the purpose

of this study is to quantify the vertical motion of the superior

Nd:YAG laser

laser endoscope for 3D réconstructlo‘

FIGURE 1
in children.

TABLE 1

surface of the vocal folds in typically developing children and a
child with vocal fold nodules. To the best of our knowledge, there
are no studies quantifying the superior surface vocal fold vertical
motion in children.

Studies utilizing laser projection unit in children have thus far uti-
lized two-point laser*! or multiple vertical stripes*? to quantify lateral
motion of the vocal folds and lesion size*3/landmarks of interest. The
laser projection unit with the multiple stripes though small had low
contrast, which limited the visibility of the stripe patterns at faster
frame rates associated with high-speed videoendoscopy. The pro-
posed laser in the study has a grid of 18 x 18 dots and is visible at
high frame rates of up to 4000 frames per second. The current study
extends our prior work on quantitative evaluation of vocal fold vibra-
tory motion in children, by evaluation the 3D vibratory motion of the
superior surface of the vocal folds. The goal of the study is to evaluate
how the 3D laser high-speed videoendoscopy parameters vary along
the anterior, middle, and posterior margins of the vocal folds (a) as a
function of low, middle, and high pitch in vocally healthy children
compared with adults and (b) in a child with vocal nodules compared
with vocally healthy children.

high-speed camera

Custom developed laser set-up with high-speed videoendoscopy for in-vivo measurement of three-dimensional vocal fold motion

Mean and standard deviation of vocal pitch (Hz) and vocal sound pressure level (dB SPL) across high pitch (80% of the pitch range),

typical pitch (20% of the pitch range), and low pitch (10% of the pitch range) for vocally normal children (n = 2, 1 boy, 1 girl), females (n = 11),

and males (nh = 12). One child with vocal fold nodules was also included.

Vocal pitch (Hz)

Vocal sound pressure level (dB (C) SPL@30 cm)

HPNL NPNL LPNL HPNL NPNL LPNL
Female adults 431.78 £ 82.68 241.76 + 25.42 217.90 + 14.09 75+ 6.46(n=10) 70.18 +4.04 68.5+3.73
(n = 10) (h=11) (n = 10) (h=11) (n=10)
Male adults 239.41 + 73.80 124.25 + 18.76 113.33 £ 18.20 7775 +4.46 73.08 + 2.78 71.1+4.27
(h=12) (hn=12) (n = 10) (h=12) (hn=12) (n = 10)
Children 431.94 +£71.53 270.31 + 27 240.82 + 24.04 71+5.77 71+ 3.46 65+ 1.15
Child with - 314 - - 72 -
nodule

Note: dB (C) SPL@30 cm = calibrated sound pressure level in decibels using C-weighted scale with mouth-to-microphone distance at 30 cm from the

mouth.

Abbreviations: HPNL, high pitch normal loudness; LPNL, low pitch normal loudness; NPNL, normal pitch normal loudness.
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FIGURE 2 Estimated mean and standard error of amplitude (mm) in the lateral and vertical directions along the anterior, middle, and posterior

sections of the vocal folds for low pitch normal loudness (LPNL), normal pitch normal loudness (NPNL), and high pitch normal loudness (HPNL) in

males (n = 12), females (n = 11), and children (n = 2).
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FIGURE 3 Estimated mean and standard error of maximum velocity for the opening phase (mm/s) in the lateral and vertical directions along
the anterior, middle, and posterior sections of the vocal folds for low pitch normal loudness (LPNL), normal pitch normal loudness (NPNL), and

high pitch normal loudness (HPNL) in males (n = 12), females (n = 11), and children (n = 2).
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METHODS

2 |

21 | Laser endoscope

A custom laser projection unit (LPU) attachment (Bayerisches Laser-
zentrum GmbH, Erlangen, Germany) to a rigid 10 mm 70° endoscope
was developed in collaboration with the University of Erlangen,
Germany (Figure 1). The LPU is 5 mm wide and provides an output
power of 150 mW and a wavelength of 532 nm.?*2728 The laser dots
(18 x 18 grid) are <0.25 mW with an average size of 0.25 mm? at
60 mm distance between the tip of the endoscope and the vocal
folds.?® The LPU calibration using ex-vivo experiments revealed a
mean bias of 0.11 + 0.04 mm in the vertical direction and a precision
of 0.15 + 0.04 mm.2* Further information about the laser system is
presented in Semmler et al 2016,>* 2017,%8 and 2018.%7

2.2 | Data collection
Both adult and child participants were recruited at the Vocal Physiol-
ogy and Imaging at Indiana University. Prior to conducting the study,

IRB approved consent and assent forms were obtained. Three child

participants between the ages of 7 and 9 years (males =2,
females = 1) were included in the study. One of the male child partici-
pants had vocal fold nodules. The remainder of the child participants
had a normal voice and did not display any vocal fold abnormalities.
To compare 3D data from typically developing children to vocally nor-
mal adults and determine where the children lie in relation to the
developmental endpoint, we utilized our previously published data
from 23 vocally healthy adults, 12 males (24.80 + 4.11 years) and
11 females (23.83 + 2.76 years).3?

Prior to laser endoscopy, participants pitch range was recorded
using a glide from the lowest to the highest pitch, with a stable loud-
ness, using an omnidirectional microphone (Shur Beta 53) placed at a
45° angle at a distance of 4 cm from the corner of the mouth.? The
pitch range was used to determine each participant's habitual (20% of
the entire pitch range), low (10% of the entire pitch range), and high
pitch (80% of the entire pitch range). All participants were subse-
quently trained to produce sustained /i:/ at 10%, 20%, and 30% of
the pitch range; except the child with vocal nodules was only able to
produce phonation at habitual/middle pitch level. The Photron FAS-
TCAM MC2 (PENTAXMedical, Montvale New Jersey) high-speed
camera was used to capture vocal fold vibrations at 4000 frames per

second with the spatial resolution of 512 x 256 pixels.
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FIGURE 4 Estimated mean and standard error of mean velocity for the opening phase (mm/s) in the lateral and vertical directions along the

anterior, middle, and posterior sections of the vocal folds for low pitch normal loudness (LPNL), normal pitch normal loudness (NPNL), and high
pitch normal loudness (HPNL) in males (n = 12), females (n = 11), and children (n = 2).
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2.3 | Dataanalyses

A custom-developed laser endoscope coupled with high-speed
videoendoscopy utilizing stereo triangulation was used to obtain a
three-dimensional motion of the vocal folds during phonation. Two-
dimensional segmentation of the high-speed video recordings from
500 frames was first obtained using the Glottis Analysis Tools
(v. 2018, Erlangen, Germa1ny).44’45 A semi-automated custom devel-
oped software called VideoClick (v.2. Erlangen, Germany)?® was sub-
sequently used for three-dimensional reconstruction. The tracking of
points was verified by a trained observer. In instances where the auto-
mated tracking was not accurate, the points were manually tracked
and/or corrected for concerned frames.

24 | Parameters

The reconstructed 3D data points were interpolated using bicubic
splines from the superior surface of the vocal folds.24?7?¢ The 3D
parameters of amplitude (mm), maximum velocity (mm/s), and mean

velocity (mm/s) were computed for the lateral and vertical vibratory

Middle

Anterior

motion along the anterior, middle, and posterior sections of the vocal
folds. The vertical amplitude refers to the maximum displacement ver-
tically. The maximum change between two successive frames divided
by the frame duration during the opening phase determines the maxi-
mum vertical velocity during opening and during the closing phase is
the maximum vertical velocity during closing. The maximum lateral
excursion from the closed vocal folds was computed as the
lateral maximum amplitude. The lateral velocity was recalculated
based on the lateral displacement observed throughout the recording
duration. A comprehensive description of the parameter calculations

is found in Semmler et al.?”

2.5 | Statistical analyses

Linear mixed model was conducted to evaluate the differences in
(a) vocal frequency task, (b) axis level, and (c) position level (anterior
vs. middle vs. posterior) in (1) typically developing children vs. adults
and (ll) typically developing children vs. child with vocal nodules on
the 3D HSV outcome variables, with participant as random effect.

Pairwise comparisons were adjusted using the Tukey test. p-values
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Estimated mean and standard error of maximum velocity for the closing phase (mm/s) in the lateral and vertical directions along

the anterior, middle, and posterior sections of the vocal folds for low pitch normal loudness (LPNL), normal pitch normal loudness (NPNL), and
high pitch normal loudness (HPNL) in males (n = 12), females (n = 11), and children (n = 2).
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were two-tailed and considered significant at values <0.05. All ana-

lyses were performed using R, version 4.2.2.

3 | RESULTS

The mean and standard deviation of vocal frequency (Hz) and vocal
sound pressure level (dB SPL) across the three tasks of high pitch, nor-
mal pitch, and low pitch are depicted in Table 1.

3.1 | Children compared with adults

3.1.1 | Amplitude (mm)

The main effects of group, axis, and task were significantly associated
with (p < .001) amplitude (mm), where the amplitude was consistently
larger for adult males, larger in the vertical axis compared with the lat-
eral axis, and larger for low pitch (Figure 2). Significant difference was
not obtained for the anterior, middle, and posterior positions
(p = .943), suggesting that the amplitude is similar across the three

positions as a function of pitch.

The difference in the amplitude across the groups depends on the
axis as the interactions axis x group (p =.001) and task x axis
(p = .008) were significant. The amplitude was significantly larger in
the vertical direction for only males (p < .001) and not significant for
females (p = .976) and children (p = .294) when compared with lat-
eral motion. The amplitude was significantly larger for males when
compared with females during the low pitch (p < .001), typical pitch
(p = .002), but not for high pitch (p = .605).

The amplitude was significantly larger in males when compared
with children for typical pitch (p =.032) but not for low pitch
(p = .075) and high pitch (p = .944).

The amplitude was not significantly larger in females when com-
pared with children during the low pitch production (p = 1), normal
pitch (p = .988), or high pitch (p = 1).

3.1.2 | Maximum opening velocity (mm/s)

There were significant main effects of axis, task, and group at
p < .001; where the maximum velocity during the opening phase
was consistently larger for males, larger in the vertical axis, and

larger for low pitch (Figure 3). The interaction axis x group was
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Estimated mean and standard error of mean velocity for the closing phase (mm/s) in the lateral and vertical directions along the

anterior, middle, and posterior sections of the vocal folds for low pitch normal loudness (LPNL), normal pitch normal loudness (NPNL), and high
pitch normal loudness (HPNL) in males (n = 12), females (n = 11), and children (n = 2).
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significant (p = .007) suggesting, that the difference in the maxi-
mum opening velocity between the groups depends on the axis;
where the maximum opening velocity was significantly larger in
the vertical direction for only males (p <.001) and not significant
for females (p =.904) and children (p =.999) when compared
with lateral motion.

The difference in the maximum opening velocity across tasks
depends on the axis (p = .023) and the position (p = .043). The maxi-
mum opening velocity is larger during the low pitch compared with
normal pitch (p = .005) and high pitch (p = .002) in vertical axis. Simi-
lar findings were not observed for low pitch phonation when com-
pared with normal pitch (p = .806) and high pitch (p = .693) in the
lateral axis. Statistical significance was not obtained for maximum
opening velocity between normal pitch and high pitch in the vertical
(p = .999) and lateral axis (p = 1).

3.1.3 | Mean opening velocity (mm/s)

There were significant main effects of axis, task, and group; where
the mean velocity during the opening phase was consistently larger
for males (p = .01), larger in the vertical axis (p = .003), and larger
(p =.011). No interactions were

for low pitch significant

(Figure 4).

Vertical
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Amplltude
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FIGURE 7
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3.14 | Maximum closing velocity (mm/s)

Significant main effects of axis (p <.001), task (p =.012), group
(p = .002), and position (p < .001) were observed for maximum clos-
ing velocity (Figure 5). Consistently, the maximum closing velocity was
larger in the vertical axis, for adult males, for low pitch, and along the
middle section of the vocal folds. The difference across the groups in
maximum closing velocity depends on the axis (p = .036), where the
maximum closing velocity was significantly larger in the vertical direc-
tion for male (p < .001), females (p = .015), and children (p = .022)
when compared with lateral motion. Significant interaction of task x
position was also observed (p = .033), where the maximum closing
velocity was large along the posterior section for low pitch when com-
pared with typical pitch (p = .043) and high pitch (p < .001). For low
pitch, the maximum closing velocity was also higher for the middle

section compared with high pitch (p = .025).

3.1.5 | Mean closing velocity (mm/s)

The main effects of axis (p <.001), group (p =.007), and position
(p = .003) was significant for mean closing velocity, where the mean
closing velocity was consistently larger for adult males, larger in the
vertical axis compared with the lateral axis, and larger along the

Lateral

1 1 1
Anterior Middle Posterior

Estimated mean and standard error of amplitude (mm) in the lateral and vertical directions along the anterior, middle, and posterior

sections of the vocal folds in children (n = 2) and a child with vocal nodules (n = 1).
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posterior section of the vocal folds when compared with middle and
anterior vocal fold sections (Figure 6). The difference in the mean
velocity closing between the groups depends on the axis (p = .046),
where the mean velocity closing was significantly larger in the vertical
direction for male (p < .001) and children (p < .001) but not significant
for females (p = .087) when compared with lateral motion.

3.2 | Children compared with child with vocal
nodules
3.21 | Amplitude (mm)

The main effect of group (p = .038) was significant, where amplitude
was consistently larger in the child with nodules (mean = 0.60) com-
pared with typically developing children (mean = 0.34) in both vertical
and lateral motion. The amplitude was large in the vertical direction
across all sections compared with the lateral motion in a child with
nodules; however, this was not statistically significant (Figure 7).

3.2.2 | Maximum opening velocity (mm/s)

The main effect of group (p = .002) was significant, where the maxi-
mum opening velocity was consistently larger in the child with

Vertical
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FIGURE 8

nodules compared with typically developing children. The difference
in the maximum opening velocity between the groups depends on
axis (p =.017) and position (p < .001), where the maximum velocity
for the opening phase was large for the visible posterior
section compared with the middle section in the child with vocal nod-
ules (p = .008). The group difference in vertical motion was larger

than the difference in the lateral motion (Figure 8).

3.2.3 | Mean opening velocity (mm/s)

The main effects of group (p =.022), axis (p =.019), and position
(p = .047) were significant, where the mean opening velocity was
consistently large in the lateral axis, larger in the child with nodules
compared with typically developing children, and larger in the poste-
rior section compared with the middle and the anterior sections of the
vocal folds (Figure 9). The difference in the mean opening velocity
between the groups depends on axis (p=.027) and position
(p < .001), where the mean velocity for the opening phase was large
for posterior section compared with the middle section (p < .001) and
the anterior vocal fold sections (p < .001) in the child with vocal nod-
ules. The interaction axis x position was also significant (p < .001),
where the mean opening velocity is greater in the posterior portion
(p <.001)
portion (p = .003) along the vertical axis. In the lateral axis, the mean

compared with the middle portion and anterior

Lateral

Nodule

1 1 1
Anterior Middle Posterior

Estimated mean and standard error of maximum velocity for the opening phase (mm) in the lateral and vertical directions along the

anterior, middle, and posterior sections of the vocal folds in children (n = 2) and a child with vocal nodules (n = 1).



PATEL ET AL.

Laryngoscope

9 of 14

opening velocity is greater in the posterior compared with the anterior
portion (p <.001) and greater in the middle portion compared with
the anterior portion (p = .008).

3.24 | Maximum closing velocity (mm/s)

The main effects of axis (p = .284), group (p = .426), and position
(p =.871) were not significant for maximum closing velocity
(Figure 10).

3.25 | Mean closing velocity (mm/s)
The main effects of axis (p =.159), group (p = .236), and position

(p = .879) were not significant for mean closing velocity (Figure 11).

4 | DISCUSSION

The study demonstrates the first in vivo measurements of the supe-
rior surface vocal fold dynamics in children (Figure 12) with the multi-
array laser coupled with high-speed system in children.
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41 |
children

3D vibratory dynamics in typically developing

Overall, the vertical motion along the superior surface of the vocal
folds was consistently larger in the closing phase compared with the
lateral motion in children, adult males, and adult females. A reviewer
suggests that there is no statistical significance; however, we disagree
as the maxing closing velocity and the mean closing velocity are signif-
icantly larger in the vertical direction compared with the later direc-
tion, suggesting that the superior surface undergoes more significant
vertical motion during the final phase of the glottal cycle. The findings
from the current study of large vertical motion compared with the lat-

27,31,32,46

eral motion are similar to the findings of in vivo in adults and

2647 use of laser projection. Nevertheless, the present study is

ex-vivo
the initial one to illustrate this phenomenon in vocally healthy chil-
dren. The vertical motion was especially more pronounced along the
visible posterior section of the vocal folds during low pitch phonation
compared with females; provide the impression that the vertical
motion in typically developing children resembles that of adult males
more than adult females. A similar pattern of children's vibratory
motion more closely resembling that of adult males was also observed
in kinematic studies that utilized only high-speed videoendoscopy to

evaluate the lateral motion.?+%°

Lateral
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Estimated mean and standard error of mean velocity for the opening phase (mm) in the lateral and vertical directions along the

anterior, middle, and posterior sections of the vocal folds in children (n = 2) and a child with vocal nodules (n = 1).
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FIGURE 10 Estimated mean and standard error of maximum velocity for the closing phase (mm) in the lateral and vertical directions along
the anterior, middle, and posterior sections of the vocal folds in children (n = 2) and a child with vocal nodules (n = 1).
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FIGURE 11 Estimated mean and standard error of mean velocity for the closing phase (mm) in the lateral and vertical directions along the
anterior, middle, and posterior sections of the vocal folds in children (n = 2) and a child with vocal nodules (n = 1).
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The study provides preliminary evidence of the importance of
quantifying closing phase dynamics compared with the opening phase
dynamics when evaluating developmental differences between chil-

dren without any voice problems.

4.2 |
nodules

3D vibratory dynamics in a child with vocal

The study findings from this one child with nodule when compared
with 2 typically developing children reveal the 3D amplitude, maxi-
mum opening velocity, and mean opening velocity were significantly
larger in the child with nodules compared with vocally normal chil-
dren. These findings are consistent with biomechanical modeling stud-
ies which showed increased amplitude®® but contrary to those that
showed high vocal fold closing velocity laterally.*®4? To the best of
our knowledge, there are no other studies that have looked at quanti-
fying vibratory motion in children. Although the absence of statistical
significance in the closing phase in a child with vocal nodules may be
attributed to the single subject in the study, the strength of this dis-
covery becomes evident when compared with typically developing
children. The lack of statistical significance in the closing phase
dynamics could also be attributed to the large standard errors, result-
ing in overlapping confidence intervals for the closing phase dynamics.
The study also consistently reports larger amplitude, maximum/mean
opening velocity along the visible posterior section in children with
vocal nodules, suggesting the importance of investigating not only the
mid-membranous dynamics but also the posterior vocal fold
section dynamics in children with large number of participants. As the
reviewer suggested, this discussion offers limited explanations for the
results in children, because, to the best of our knowledge, no previous

studies have quantified 3D motion in children.

4.3 | Limitations and future needs

Although this is a prospective study, the study is limited by small num-
ber of children participants. Future studies should aim to replicate the
findings with larger sample sizes to enhance the generalizability of
the results. The child with nodule only produced typical phonation.
Future studies need to evaluate the changes in 3D vertical motion
across variations in pitch and loudness in children with vocal nodules

in large sample sizes.

5 | CONCLUSIONS

The custom laser device was successfully used to quantify the 3D
motion of the vocal folds in vivo in children. This establishes the feasi-
bility of capturing 3D motion in a clinical setting and provides proof of
concept for the application of the proposed 3D laser in the pediatric

population. The preliminary findings underscore the need to evaluate

the 3D vertical motion along the superior surface in the closing phas-
ing phase to distinguish vibratory motion between children and adults
and emphasize the significance of studying posterior motion in chil-
dren with vocal nodules during the opening phase. Despite the small
sample size, the study findings offer a foundation for further research
into the complex vertical and lateral vocal fold dynamics observed in

vocally normal children and a child with vocal nodules.
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