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Vocal tract shape and acoustic adjustments of children during
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The goal of the study is to quantify the salient vocal tract acoustic, subglottal acoustic, and vocal
tract physiological characteristics during phonation into a narrow flow-resistant tube with 2.53 mm
inner diameter and 124 mm length in typically developing vocally healthy children using simulta-
neous microphone, accelerometer, and 3D/4D ultrasound recordings. Acoustic measurements
included fundamental frequency (f,), first formant frequency (F;), second formant frequency (F5),
first subglottal resonance (Fs,;), and peak-to-peak amplitude ratio (Py:Ps,). Physiological measure-
ments included posterior tongue height (D1), tongue dorsum height (D2), tongue tip height (D3),
tongue length (D4), oral cavity width (D5), hyoid elevation (D6), pharynx width (D7). All measure-
ments were made on eight boys and ten girls (6-9 years) during sustained /o:/ production at typical
pitch and loudness, with and without flow-resistant tube. Phonation with the flow-resistant tube
resulted in a significant decrease in Fy, F», and PP, and a significant increase in D2, D3, and
Fsg1. A statistically significant gender effect was observed for D1, with D1 higher in boys. These
findings agree well with reported findings from adults, suggesting common acoustic and articula-
tory mechanisms for narrow flow-resistant tube phonation. Theoretical implications of the findings

are discussed. © 2019 Acoustical Society of America. https://doi.org/10.1121/1.5116681
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I. INTRODUCTION

Pediatric dysphonia (hoarseness) is a common condition
with prevalence estimates ranging from 1.4% (Bhattacharyya,
2015) to 23.9% (Powell et al., 1989). Depending on the cause
of the dysphonia, management options for pediatric dysphonia
typically involve medication, surgery, and/or speech therapy.
Anecdotally, voice exercises called ‘“‘semi-occluded vocal
tract” (SOVT) exercises are widely used in speech therapy for
rehabilitation of injured voice and for training vocal performers
in the pediatric population, but, to the best of our knowledge,
only one investigation into the theoretical and physiological
underpinnings of SOVT exercises and their efficacy has been
carried out in children (Ramos and Gama, 2017). On the other
hand, several studies of SOVT exercises have been conducted
on adult subjects with normal and disordered voice, as dis-
cussed below.

SOVT exercises involve semi-occluding the supraglottal
vocal tract anteriorly (at the lips) by phonating through (1)
narrow “flow-resistant” tubes (Kapsner-Smith et al., 2015;
Titze et al., 2002); (2) glass tubes inserted in water (resonant
tube method) (Grangvist et al., 2014; Laukkanen et al.,
1995; Simberg and Laine, 2007); (3) silicone tubes sub-
merged in water (LaxVox technique) (Sihvo and Dienizoglu,
2018); (4) “hand-over mouth” semi-occlusions (Andrade
et al., 2014); (5) lip trills (Linklater, 1976; Nix, 1999); (6)
tongue trills (Nix, 1999); or (7) sustained bilabial fricative
/p:/ (Laukkanen, 1992; Laukkanen et al., 1996) and vowel
/u:/ (Laukkanen et al., 2012a; Laukkanen er al., 2008).
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SOVT exercises with flow-resistant tubes are particularly
advantageous for the pediatric population as these exercises
are accessible and engaging, and the target productions can
be achieved with ease.

The lengths and inner diameters of flow-resistant tubes
are variable (Andrade et al., 2016; da Silva et al., 2018;
Smith and Titze, 2017). Smith and Titze (2017) identify the
range of flow-resistant tubes most commonly used for voice
training and therapy as having inner diameters between 2
and 6 mm. High flow resistance provided by the small diam-
eter tube (stirring straws) are reported to be ideal for voice
training purposes (Smith and Titze, 2017; Titze, 2006).
Tubes smaller than 5 mm in diameter (Andrade et al., 2016;
da Silva et al., 2018; Smith and Titze, 2017) provide high
intraoral pressure, suggesting high flow resistance with the
small diameter tubes. The high intraoral pressure with the
small diameter tube results in an increase in subglottal pres-
sure and decrease in the transglottal pressure which pushes
the top edges of the vocal folds slightly apart thereby reduc-
ing vocal fold collision and the vibratory amplitude even at
high fundamental frequencies leading to improved vocal
economy (Guzman et al., 2013c; Horacek et al., 2014;
Radolf et al., 2014; Smith and Titze, 2017; Titze, 2006;
Titze et al., 2002). SOVT exercises have been also shown to
reduce the phonation threshold pressure (Titze, 2009) and
result in balanced activation of the thyroarytenoid and the
cricothyroid muscles (Laukkanen et al., 2008). The ideal
flow-resistant tube is reported to be a tube that has the same
resistance as the glottal resistance, resulting in an oral pres-
sure equal to half the subglottal pressure and providing max-
imum aerodynamic power transfer from the source to the

© 2019 Acoustical Society of America
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vocal tract (Smith and Titze, 2017). Smith and Titze (2017)
specifically suggest that a tube with diameter 2.5 mm and
length between 6 and 12 cm is appropriate for producing oral
pressures near 1.0 kPa at flow rates near 0.1 L/s. This study
therefore focuses on the use of narrow (2.53 mm inner diam-
eter) flow-resistant tubes, with the goal of understanding
how vocal tract shape and acoustics are affected during the
SOVT exercise with the flow-resistant tubes in children with
no voice complaints.

Theoretical studies have consistently indicated the
importance of the vocal tract impedance for the therapeutic
and/or voice training effects of flow-resistant tube exercises.
Vocal tract impedance is the sum of reactance and resis-
tance, the former capturing the oscillatory behavior of the air
column above the glottis, and the latter capturing its dissipa-
tive characteristics. While vocal tract resistance is always
positive, reactance can take on either negative (compliant) or
positive (inertive) values. It is well established that positive
inertive reactance (henceforth “inertance”) is a critical factor
for self-sustained vocal fold vibrations (Titze, 1988, 2008;
Zanartu et al., 2007). Due to the non-linear coupling
between the source and the filter (Titze, 2008; Titze et al.,
2008) theoretical investigations have posited the role of an
increase in the inertance as the main regulatory factor
responsible for the therapeutic benefit of the flow-resistant
tube exercises. Increase in the inertance with flow-resistant
tube exercises (Titze, 2006) can be achieved as a result of
either the lengthening of the anterior vocal tract (Story et al.,
2000), the narrowing or semiocclusion of the lips for bilabial
fricative /f:/ (Story et al., 2000), the narrowing of the epilar-
yngeal tube (Titze, 2001, 2006; Titze and Story, 1997), or
the enhancement of low frequency inertance through vibra-
tion of the vocal tract walls (Fric and Hruska, 2017; Horacek
et al., 2017). Vocal tract lengthening and semiocclusion at
the lips increases the inertance primarily by driving vocal
tract resonances to lower frequencies (Horacek et al., 2017,
Story et al., 2000), whereas narrowing of the epilaryngeal
tube and enhancing vibrations of the vocal tract walls
increases the inertance without substantially altering the vocal
tract resonances (Titze, 2006; Titze and Story, 1997). The ther-
apeutic benefit of SOVT exercises is thought to come from
learning compensatory strategies that mimic the effects of the
semi-occlusion. Specifically, while the semi-occlusion raises
vocal tract inertance by increasing the acoustic mass anteriorly
(at the lips), it is suggested that patients learn to compensate
for the subsequent removal of the semi-occlusion by narrowing
the epilarynx tube (Titze, 2006).

Acoustic models of vocal tract inertance during flow-
resistant tube exercises show a downward shift in the fre-
quency of the first formant (F,). Story et al. (2000) found
that F; decreased from 475 Hz for the vowel /1/ to between
135 and 270Hz for an 8 mm diameter tube of varying
lengths. Horacek et al. (2017) reported that F; decreased
from between 290 and 550 Hz to between 175 and 185 Hz
for the vowel /u/ when using a tube of length 50 cm and an
inner diameter of 6.8 mm. Using a soft silicon rubber model
of the vocal folds and a plexiglass model of the vocal tract
for the vowel /u:/, the F; was reported to decrease from
260Hz to approximately 80Hz during soft phonation
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(Horacek et al., 2014). Limited empirical studies on vocally
healthy adult subjects with flow-resistant tubes of 2.5, 4, and
8mm diameter report a decrease in F; (Andrade et al.,
2014); decrease in f, F;, F’3 with increase in F, and F4
(Radolf et al., 2014) and a decrease in F1,F,, F3, and Fj,
(Gaskill and Erickson, 2010), respectively. A slight increase
in the fundamental frequency during flow-resistant phona-
tion was reported in 20 adult male subjects with § mm diam-
eter flow-resistant tube phonation (Gaskill and Quinney,
2012), although Gaskill and Erickson (2010) and Andrade
et al. (2014) failed to find significant changes in f,. The
acoustic theory of speech production (Fant, 1960; Stevens,
2000) predicts that all formant frequencies should decrease
when the lip opening is semi-occluded, consistent with the
limited empirical data on adults, and we therefore predict a
similar decrease in all formant frequencies during flow-
resistant tube phonation in children. Based on the mixed
empirical data regarding f,, we predict no change in funda-
mental frequency during flow-resistant tube phonation in
children.

Narrow flow-resistant tubes with diameters between 2.5
and 6 mm have high resistance (Andrade et al., 2016; da
Silva et al., 2018; Smith and Titze, 2017) as well as large
inertance (Titze, 2006). Varying the length of a small diame-
ter flow-resistant tube does not substantially impact the
back-pressure generated in the vocal tract. Several studies
have theoretically (Horacek et al., 2014; Titze, 2006; Titze
et al., 2002) and empirically (Guzman et al., 2013c; Radolf
et al., 2014; Titze et al., 2002) demonstrated an increase in
subglottal pressure and a decrease in transglottal pressure
due to large back-pressure generated from phonating into the
narrow flow-resistant tubes. The increase in back pressure
affects the mechanical stiffness of the subglottal airway
walls, characterized by the Young’s Modulus, by stretching
the airway smooth muscle and connective tissues (this phe-
nomenon is called strain stiffening). This strain stiffening in
turn influences the frequencies of the subglottal airway reso-
nances (Gunst and Stropp, 1988; Lulich and Arsikere, 2015).
To the best of our knowledge, investigations of the influence
of flow-resistant tube exercises on subglottal airway resonan-
ces are nonexistent. We therefore investigate changes in the
subglottal acoustics during flow-resistant tube phonation in
children. Since increases in the subglottal pressure affects
the Young’s Modulus of the tracheal wall soft tissues, caus-
ing the tissues to stiffen and raise the frequency of the wall
vibration resonance (Lulich and Arsikere, 2015), we predict
that subglottal resonance frequencies will increase during
flow-resistant tube phonation.

Non-nasal vocal tract acoustic sound typically radiates
primarily from the lip opening, but will also radiate from the
vocal tract walls (Fant et al., 1976; Mik et al., 2018; Munger
and Thomson, 2008; Svec ef al., 2005). During flow-
resistant tube exercises, sound radiation from the lips is
expected to decrease as the impedance of the tube increases.
Subglottal acoustic sound radiates from the skin of the neck
below the level of the glottis in the absence of flow-resistant
tube phonation (Lulich and Arsikere, 2015; McKenna et al.,
2017; Zanartu et al., 2013), and is not expected to be
affected by the use of flow-resistant tubes. We therefore
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predict that the ratio of sound energy radiating from the
vocal tract to the sound energy radiating from the neck will
decrease as the impedance of the tube increases. Conversely,
an observed decrease in the ratio during flow-resistant tube
phonation serves as empirical evidence that the impedance
of the flow-resistant tube is large enough to divert sound
radiation from the lip opening to the vocal tract walls.

Changes in vocal tract and tongue shape during flow-
resistant tube exercises have been investigated in a number
of imaging studies involving adult subjects (Guzman et al.,
2013a; Guzman et al., 2017a; Guzman et al., 2013c;
Guzman et al., 2017b; Laukkanen et al., 2012b). Theory pre-
dicts that the therapeutic target of flow-resistant tube exer-
cises is a lengthening of the vocal tract and narrowing of the
epilaryngeal tube. In 4 out of 5 studies the changes in vocal
tract shape resulting from flow-resistant tube exercises have
been small and in the direction of larger volumes throughout
most of the vocal tract, including in the region of the epilar-
yngeal tube during flow-resistant tube phonation. Guzman
et al. (2013c), in a computerized tomography (CT) study of
one classically trained male, reported increased elevation of
the velum, lowering of the larynx, widening of the hypophar-
ynx, widening of the outlet of the epilaryngeal tube, and
increased tongue dorsum height during phonation into a nar-
row flow-resistant tube. Similar changes in oropharyngeal
physiology were also reported in a cohort of 10 adults (6
females and 4 males) with vocal hyperfunction on CT study
(Guzman et al., 2017b) and one vocally normal female with
extensive experience with voice exercises in an magnetic
resonance imaging (MRI) study (Laukkanen et al., 2012b)
and CT study (Vampola, Laukkanen, Horacek, and Svec,
2011). Contrary to the CT and MRI studies, however,
Guzman et al. (2013a) found anterior-posterior compression
of the epilaryngeal tube during phonation into a narrow
flow-resistant tube in 21 patients with vocal hyperfunction
on videostroboscopic examination. The lack of clear support
for narrowing of the epilaryngeal tube during flow-resistant
tube exercises does not necessarily disprove the theoretical
predictions, since it could be that expansion of the pharyn-
geal cavity counteracts the expansion of the epilaryngeal
tube and yields the same effect as a narrowed epilarynx
(Vampola et al., 2011). Nevertheless, since narrowing of the
epilaryngeal tube is posited by theory as an adaptation based
on increased vocal tract inertance experienced during flow-
resistant tube exercises, it is important to discover both how
the vocal tract inertance increases, and the role that changes
in vocal tract and tongue shape may play in the pediatric
population.

The anatomy and physiology of the vocal folds are dif-
ferent in children than in adults, with children exhibiting an
underdeveloped vocalis muscle (Boseley and Hartnick,
2006; Sato et al., 2001), increased pliability of the lamina
propria, increased subglottal pressures (Keilmann and Bader,
1995), and altered patterns of vibration (Patel et al., 2015;
Patel et al., 2014). Structural differences within the vocal
folds may affect nonlinear source-filter interaction (Story
and Bunton, 2015) and impact the outcomes of SOVT exer-
cises in children. Findings from adults cannot be applied to
infer performance of children during flow-resistant tube
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phonation, and empirical data describing changes in the supra-
glottal vocal tract and acoustic output during flow-resistant
tube phonation in children are lacking. The current study aims
to quantify the most salient acoustic and vocal tract characteris-
tics during narrow flow-resistant tube phonation in children
using microphone, accelerometer, and ultrasound recordings.
Compared to CT and MRI, ultrasound imaging is non-invasive
and poses minimal risk, and hence is particularly advantageous
for investigating the changes in vocal tract and tongue shape in
children during flow-resistant tube phonation.

Il. METHOD
A. Participants

A total of 21 children (boys=9, girls=12) in the age
range of 6-9 years were recruited at the Speech Production
Laboratory, Department of Speech and Hearing Sciences at
Indiana University after signing of IRB approved informed con-
sent/assent forms. Data from one boy were excluded as the par-
ticipant was currently receiving Speech Language Pathology
services for Developmental Speech Delay. Recordings from
two females were not included due to errors in the recording
protocol and failure of the participants to adequately perform
the experimental tasks. Hence data from a total of 18 partici-
pants, 8 boys (M =8.5 years, SD = =11 months) and 10 girls
(M = 8.4 years, SD = =12 months) were analyzed for the cur-
rent study. All of the participants were typically developing, had
no history of speech, language and hearing disorders, were non-
singers, and were perceived to be native speakers of Midwest
American English; we did not specifically inquire regarding
speaker dialect.

B. Experimental protocol

Simultaneous recordings of 3D/4D ultrasound, acoustic
properties of participants’ speech, and subglottal acoustics
were made with a Philips EPIQ 7G ultrasound system and
xMatrix x6-1 digital 3D/4D transducer, a SHURE KSM32
microphone, and a KandK Sound HotSpot accelerometer,
respectively, while the participants were seated comfortably
in a double-walled sound treated booth.

The SHURE KSM32 cardioid condenser microphone
was situated on a stand at a fixed distance of 60 cm in front
of the child and positioned to the right in order to avoid dis-
tortions due to high oral airflow. A flat frequency response
with a low-frequency roll off filter of 6 dB/octave below
115 Hz was used with the SHURE KSM32 microphone. The
accelerometer was secured against the skin on the neck at
the level of the cricoid cartilage below the thyroid notch to
measure the subglottal resonances (Chi and Sonderegger,
2007; Lulich, 2010; Lulich et al., 2012; Wade et al., 2017).
The placement of the accelerometer below the thyroid notch
ensures that the vocal tract formants are not present in the
accelerometer signal. The accelerometer was held in place
by a small piece of medical tape (Wade et al., 2017) rather
than applying pressure with the fingers to hold the acceler-
ometer (Lulich et al., 2012) in order to capture reliable
recordings for trial-to-trial comparisons. The sampling rate
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for both the microphone and the accelerometer was 48 kHz
and the quantization rate was 16 bits/sample.

The ultrasound transducer was manually held under the
chin, between the anterior margin of the hyoid bone and the
front of the mandible, to image tongue motion as the partici-
pants held their head as steady as possible for the duration of
the recordings. Visual feedback of sagittal, coronal, and
transverse image planes was also used to help ensure that the
transducer was held in a stable orientation through each
recording. The probe position was finely adjusted to obtain
satisfactory midsagittal contours of the tongue. A layer of
ultrasound gel was coated onto the transducer prior to plac-
ing the transducer under the chin, to ensure optimal image
quality. In order to visualize the anatomical landmarks of
interest in the raw ultrasound data, the recording frame rates
and image sizes were adjusted based on the anatomical land-
marks for each child. The median frame rate was 19.25 fps
(Table I), and ultrasound intensity was recorded with a depth
of 8 bits. Technical characteristics of the ultrasound system
and similar studies using this system are described in
Charles and Lulich (2018), Lulich et al. (2018), and Lulich
etal. (2017).

Each participant produced the following phonatory tasks
for simultaneous recordings from the ultrasound, micro-
phone, and accelerometer, in the following sequence: (1)
three sustained vowel /o:/ productions and (2) three sus-
tained productions of a vowel (instructed to be the same as
/o:/) while holding a narrow flow-resistant tube (a plastic
stirring straw, 2.53 mm inner diameter and 124 mm length)
tightly between the lips, with a target duration of 5 s each.
The participants were instructed to keep the lips firmly
sealed around the flow-resistant tube without puffing out
their cheeks. A nose clip was used during the recordings
with the flow-resistant tube, to ensure no leakage of air

TABLE I. Frame rates (frames per second, rounded to the nearest tenth of a
second) and voxel sizes (mm, rounded to the nearest hundredth of a millime-
ter; in medial-lateral, anterior-posterior, and superior-inferior dimensions)
for ultrasound recordings.

Medial-lateral ~Anterior-posterior Superior-inferior ~ Frame
Gender (mm) (mm) (mm) rate (FPS)
M 0.80 0.78 0.40 17.4
M 0.71 0.69 0.36 20.3
M 0.71 0.69 0.36 20.3
F 0.81 0.78 0.40 19.3
F 0.71 0.69 0.35 19.3
M 0.71 0.69 0.35 19.3
F 0.71 0.69 0.35 16.6
F 0.71 0.69 0.36 20.3
F 0.81 0.78 0.40 19.3
F 0.81 0.78 0.40 19.3
F 0.71 0.69 0.35 19.3
F 0.71 0.78 0.41 20.3
F 0.81 0.78 0.41 20.3
M 0.81 0.78 0.41 20.3
F 0.71 0.69 0.35 19.3
M 0.71 0.69 0.35 19.3
M 0.81 0.78 0.40 20.3
M 0.71 0.69 0.36 20.3
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through the nose (Titze, 2009). Prior to recordings with the
flow-resistant tube, practice trials were conducted for each
participant with a larger drinking straw (5.18 mm inner
diameter and 196.85 mm length) and subsequently with the
flow-resistant tube (stirring straw). Each participant required
approximately 1 trial with the drinking straw and 2-3 trials
with the flow-resistant tube to achieve the target flow-
resistant tube phonation for the experiment. The training
with the flow-resistant tubes started with the examiner dem-
onstrating the production emphasizing lip seal around the
straw and air flow at the end of the straw. The participants
were subsequently instructed to produce the target phona-
tions with the flow-resistant tube. Both auditory and kines-
thetic cues of airflow through the straw were provided if the
target production was not achieved after 1 trail. Production
of nasal sounds was monitored perceptually and through
visual inspection of the acoustic recordings of the oral
sounds. All training was provided by the first author who has
over 20 years of clinical experience in the area of voice.

Three trials for each task were recorded. Additional tri-
als of each production were conducted if the productions
were judged to be unsatisfactory. Both tasks were performed
at the participants’ self-selected vocal frequency and sound
levels to minimize the effects of increased effort during tar-
geted productions of vocal frequency and sound level
(Hanson et al., 1990). The total duration for data collection
was approximately 30 min for each participant.

The experimental tasks were not randomized for this study
in order to obtain a representative sample of the two groups
(with and without flow-resistant tube), since flow-resistant tube
phonation could have an immediate adaptive effect (Guzman
et al., 2013b; Laukkanen et al., 2012b; Titze, 2009) and could
therefore influence subsequent data collected without the flow-
resistant tube. Pilot experimentation with different vowels
(e.g., /o:/, /a:/, [i:/) revealed that it was easiest for children to
produce the vowel /o:/ with the flow-resistant tube. Hence, the
experimental tasks with and without flow-resistant tube were
restricted to a single vowel /o:/.

C. Data analysis

Overall 108 acoustic recordings, 108 accelerometer
recordings, and 108 ultrasound recordings were analyzed
from 18 children in this study. Instantaneous synchronous
measurements of the sustained /o:/ productions were made
from the microphone, accelerometer, and ultrasound record-
ings. These instantaneous measurement points were gener-
ally located within the steady-state portion either after
the beginning (discarding the onset) or the mid-point of the
vowel and were selected based on visual inspection of the
microphone and accelerometer waveforms and the relative
strength of the formants and subglottal resonances on spec-
trographic displays of both the microphone and accelerome-
ter signals. All study ratings were conducted by student
research assistants and the first author. The students were
given specific training to make the measurements reported in
this study. The first and second authors verified all measure-
ments. Additional training to the students was provided as
needed so as to correct any measurement errors. Corrections
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were also verified by the first and second authors. The study
analyses began only after all corrections were made and
verified.

1. Microphone and accelerometer spectral analysis

Microphone and accelerometer signals were analyzed
using WAVESURFER (version 1.8.8p4) (Sjolander and Beskow,
2000). Both the signals were down-sampled to 8000 Hz for
analysis. The measure of fundamental frequency was obtained
from the discrete Fourier transform (DFT) line spectrum using
a hamming window and 512 points from only the microphone
(f,) (Titze et al., 2015). Manual measurements of formant fre-
quencies Fy, F5, andF3 from the microphone [Fig. 1(A)] and
the subglottal resonance frequencies Fsgy, Fsg, andFg,3 from
the accelerometer signal [Fig. 1(B)] were guided by visual
inspection of both the instantaneous DFT and linear predictive
coding (LPC) spectra (Atal and Hanaver, 1971). The LPC
order of 10 was generally used to estimate the formant frequen-
cies and the subglottal resonances.

In 14 microphone signals and 9 accelerometer signals,
minor adjustments to the analysis criteria were necessary in
order to accurately represent the spectral envelope while still
keeping the analyses comparable across trials. The use of
long-term average spectra rather than instantaneous spectra
was required for ten microphone signals (range =0.24-3.86 s,
M =1.16 s) and 5 accelerometer trials (range =0.30-5.00 s,
M =1.43). In 1 microphone trial and 3 accelerometer trials the
LPC order was varied in order to obtain an accurate represen-
tation of the DFT spectral envelope (Buder, 1996; Vallabha
and Tuller, 2002). An LPC order of 9 was used in 1 micro-
phone trial, and LPC orders of 9, 11, and 15 were used for
three accelerometer trials in instances where the 10-order LPC
failed to adequately represent the DFT. In three trials from the
microphone signal, adjusting the LPC order did not result in
an adequate representation of the spectral envelope and hence
the DFT line spectrum was used to estimate the F; and F,
directly.

(A) - Microphone Spectrum
f. DFT
e Fy SimLRC
Fz
o
=)
: /
S o b
= ‘
Q
S \
< W" ] N
-50 . . -
0 1000 2000 3000 4000
Frequency (Hz)

2. Microphone and accelerometer waveform analysis

Microphone and accelerometer waveform analysis.
Microphone and accelerometer signals were analyzed using
WAVESURFER (version 1.8.8p4) (Sjolander and Beskow,
2000). Both the signals were down-sampled to 8000 Hz for
analysis. In order to determine the relative acoustic energy
levels of the microphone and accelerometer signals, peak-to-
peak (positive peak to negative peak) amplitudes (Baken and
Orlikoff, 2007; Titze et al., 2002) were measured at similar
instantaneous time point as the DFT [Fig. 2(A)] and LPC
spectra [Fig. 2(B)]. A ratio P,:P,, was obtained by dividing
the peak-to-peak amplitude of the microphone waveform
(Pyp) by the peak-to-peak amplitude of the accelerometer
waveform (Pg,) to represent the ratio of the sound energy
radiating from the vocal tract to the sound energy radiating
from the neck. Since both P, and P, were measured directly
from uncalibrated voltage signals, the PP, represents an
interval scale and is dimensionless. Related peak-to-peak
amplitudes with intraoral pressure (P,) and estimated sub-
glottal pressure (Pg,) have been reported previously in simi-
lar studies by Radolf et al. (2014) and Horacek et al. (2014),
but the ratio has not previously been used as a measure of
the ratio of sound energy radiating from the vocal tract ver-
sus the neck. A close analog of this ratio has been used in
several studies of the contribution of vocal tract resonances
to the sound produced by clarinets and saxophones (Lulich
et al., 2017; Scavone et al., 2008; Wilson, 1996). In the ana-
log case, the ratio has been defined by the sound pressure
level in the vocal tract and the sound pressure level in the
instrument mouthpiece.

3. Ultrasound image analysis

Ultrasound image analysis. The ultrasound recordings were
analyzed using a custom MATLAB toolbox (Mathworks Inc.,
Natick, MA) called “WASL,” which provided synchronous dis-
play and full-speed playback of the sagittal, coronal, and trans-
verse views from the ultrasound along with the acoustic and
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FIG. 1. DFT and LPC of a 9 year 1 month old boy for vowel /o:/ without the flow-resistant tube phonation with the (A) microphone signal depicting the funda-
mental frequency (f,), first formant frequency (F,), second formant frequency (F,), and third formant frequency (F3). (B) Accelerometer signal depicting f,,,

first subglottal resonance (F'sg;) and second subglottal resonance (Fsgo).
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FIG. 2. Normalized peak-to-peak amplitude (P,.:Pg,) measurement from the (A) acoustic waveform and the (B) accelerometer waveform from a 9 year 1

month old boy for vowel /o:/ without the flow-resistant tube phonation.

accelerometer waveforms. A single still image corresponding to
the time point of the acoustic and accelerometer measurements
was selected whenever possible for analysis. Since the tongue
shape and position were steady for the sustained vowel produc-
tion, a clear frame of the oral cavity representing the landmarks
of interests could be selected in instances when the correspond-
ing time point of the acoustic and accelerometer measurements
did not yield clear landmarks (Lee et al., 2015). One ultrasound
recording did not contain any clear frames from which to make
measurements, hence a total of 107 (of out 108 possible) ultra-
sound recordings were included in the analysis.

Various distances were manually measured in centimeters
(cm) on the midsagittal ultrasound slice. The coronal and trans-
verse ultrasound slices were used to guide the identification of
landmarks of interest on the midsagittal ultrasound slice. These
landmarks included: (1) the anterior insertion of the tendon of
the genioglossus muscle into the mandibular symphysis (TnG)
(Shawker et al., 1984); (2) the anterior margin of the hyoid
bone casting an acoustic shadow (HB); (3) the tongue root
(TR) defined as the point where the surface of the posterior
tongue surface intersects with the hyoid shadow; (4) the tongue
dorsum (TD), which was defined as the highest part of the
tongue body; (5) The tongue tip (TT) which was defined as the
point where the surface of the anterior tongue intersects with
the mandible shadow (Fig. 3).

In order to investigate the articulatory-acoustic relation-
ship between tongue position and F'; and F,, three vertical, two
horizontal, and two additional Euclidian distances were mea-
sured. The three vertical distance measurements included: (1)
Posterior tongue height (D1) measured as the vertical distance
from TnG (the anterior insertion of the tendon of the genioglos-
sus muscle into the mandibular symphysis) to TR; (2) tongue
dorsum height (D2) measured as the vertical distance from
TnG to TD; (3) tongue tip height (D3) measured as the vertical
distance from TnG to TT. The tongue length (D4) was mea-
sured as the horizontal distance between TR and TT, and the
width of the oral cavity (D5) was measured as the horizontal
distance between TR and TnG.
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Ultrasound does not allow direct measurement of epilar-
yngeal or pharyngeal tube size because only the anterior
wall of the pharynx/epilarynx is visible in ultrasound images
of the tongue. In order to infer the enlargement or reduction
of the epilaryngeal tube, measurements of hyoid elevation
(D6) were obtained as the Euclidean distance between TnG
and HB. An indirect measure of the anterior-posterior width
of the pharynx (D7) was obtained as the Euclidian distance
between HB and TR.

Two further observations were made as indirect indica-
tors of pharyngeal expansion or reduction. First, the presence
or absence of a midline groove in the tongue root was noted
by examining coronal slices at the location of HB. The pres-
ence of a groove at this location was interpreted to suggest
contraction of the posterior genioglossus muscle, with corre-
sponding advancement of the tongue root and enlargement
of the pharyngeal cavity. Second, the presence or absence of
a midline groove in the tongue blade was noted by examin-
ing coronal slices at the location of TnG. The presence of a
groove at this location was interpreted to suggest contraction
of the anterior genioglossus muscle and displacement of
tongue mass posteriorly, with corresponding reduction of the
pharyngeal cavity.

D. Statistical analysis

Shapiro-Wilk tests were performed to test normality of
the 12 dependent continuous variables of f,, F.F>, Fsqi,
P.:Ps, D1, D2, D3, D4, D5, D6, D7. A linear mixed model
analysis was used for investigating the normally distributed
dependent variables to account for repeated measures.
Kruskal-Wallis tests were used for analysis of the non-
normally distributed dependent variables. Bonferroni correc-
tion was used to determine the significance level for all vari-
ables. The p values for each comparison were multiplied by
the number of comparisons (n=12) to obtain the
Bonferroni-adjusted p values, which is equivalent to using a
critical value of o =0.05/12 =0.0042. A linear mixed effects
logistic regression model was used to analyze the binary
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FIG. 3. Schematic representation of the (A) three vertical distances
(D1-D3), (B) two horizontal distances (D4-D5), and (C) the two Euclidian
distances measured (D6-D7); and the landmarks of TR, TD, TT, HB, and
the anterior insertion of the tendon of the genioglossus muscle into the man-
dibular symphysis (TnG) from a 9 year 1 month old boy for vowel /o:/ with-
out the flow-resistant tube phonation.

variables of presence or absence of posterior and anterior
tongue groove, with alpha level of p < 0.05. Statistical analysis
was performed using sas statistical software version 9.4, for
PCs (sas Institute, n.d.) for all parametric variables, and using
MATLAB software (Mathworks, Inc., Natick, MA) for all non-
parametric variables.

Post hoc analyses were conducted on the statistically
significant variables across condition and gender to deter-
mine whether variables were correlated with each other.
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Cohen’s d effect sizes were calculated for each of the statis-
tically significant variables.

E. Reliability of measurements

A total of 11 trials were randomly selected for analysis
of inter-rater and intra-rater reliability for the acoustic and
accelerometer measurements. The inter-rater and intra-rater
reliability for acoustic and accelerometer measurements
were conducted between two trained undergraduate students
majoring in Speech Language Pathology. The Pearson
product-moment correlations for each measure were calcu-
lated between the initial and subsequent measurements for
each variable. The Pearson product moment correlations for
interrater reliability for the f,, Fy, F», and PPy, measure-
ments from the microphone signal exceeded 0.96 with a
mean absolute difference of 6.64, 20.27, 48.82 Hz, and 47.46
(less than 2.86%) respectively. Similarly, the intrarater reli-
ability for f,, Fi, F», and P,:Py, measurements from the
microphone signal exceeded 0.90 with a mean absolute dif-
ference of 1.82, 43.18, 96.73 Hz, and 58.73 (less than 5%).
For the accelerometer signal the correlations were 0.38 and
0.98 for Fge; and PPy, respectively for interrater reliabil-
ity, and 0.50 and 1, respectively, for intrarater reliability.
The mean absolute difference was 275.36 Hz and 88.73 for
Fsg1 and PP, respectively for interrater reliability, and
0Hz and 73.91 for intrarater reliability (less than 8%). One
Fsy1 required average long-term average selection and
changing the LPC order to 11. After removing this one trial
the F,, interrater reliability was 0.82 and intrarater reliabil-
ity was 0.91 for Fg,;.

For the ultrasound recordings a total of 12 trials were
randomly selected for inter-rater and intra-rater reliability
analysis. The intrarater reliability for the ultrasound record-
ings was conducted by a trained doctoral student and the
interrater reliability was across two raters (doctoral student
and the first author). The Pearson product-moment correla-
tions for interrater reliability for the measurements of DI,
D2, D3, D4, D5, D6, and D7 exceeded 0.80 with mean abso-
lute differences of 0.26, 0.11, 0.18, 0.13, 0.16, 0.12, and
0.26 cm, respectively. The intrarater reliability for D1, D2,
D3, D4, D5, D6, and D7 exceeded 0.80 with mean absolute
differences of 0.33cm (16.49%), 0.11cm (3.16%), 0.22 cm
(9.500%), 0.22cm (4.69%), 0.16cm (4.09%), 0.14cm
(5.08%), 0.25 cm (11.12%), respectively.

lll. RESULTS

The third formant (F3) was identifiable in only 11
(9 = without flow-resistant tube phonation, 2 = with flow-
resistant tube phonation) of 108 recordings, and hence fur-
ther analyses with F; and higher formants were not pursued.
In this study both the second (Fse) and third subglottal
(Fsg3) Tesonances could not be measured for either the flow-
resistant tube phonation or the no flow-resistant tube phona-
tion conditions for any recordings. Measurements of F;,
Fsg, and Fge3 could not be made reliably due to the high
fundamental frequency of the children (Story and Bunton,
2015) combined with the low-pass filtering effects of the
skin of the neck (Lulich et al., 2012) for sound radiated from
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the vocal tract walls, and the added resistance of the flow-
resistant tube.

Results from the Shapiro-Wilk test revealed that all vari-
ables except the width of the pharynx (D7), fundamental fre-
quency (f,,), and PPy, were normally distributed (Table II).
Descriptive statistics of the dependent variables are pre-
sented in Table III.

A. Main effect of flow resistant tube phonation across
acoustic and ultrasound variables

The fundamental frequency was not significantly different
between the two flow-resistant tube phonation conditions
[H(1)=0.52, p=0.47] [Fig. 4(A)]. As expected, F| [F(1,
88)=609.96, p<0.01, Cohen’s d=4.03] and F, [F(l,
88)=108.32, p <0.01, Cohen’s d=1.38] frequencies were
significantly lower during the flow-resistant tube phonation
[Figs. 4(B) and 4(C)]. The F; during flow-resistant tube phona-
tion had a mean frequency of 248.48 Hz (SD =21.03 Hz), and
a mean frequency of 621.15Hz (SD = 128.96 Hz) without the
flow-resistant tube phonation. The F, during the flow-resistant
tube phonation had a mean frequency of 957.80Hz (SD
=259.77THz) during the flow-resistant tube phonation and a
mean frequency of 1284.81 Hz (SD =212.48 Hz) without the
flow-resistant tube phonation. The subglottal resonance (Fsg;)
was significantly higher for the flow-resistant tube phonation
(M =1755.07Hz, SD=95Hz) compared to without the flow-
resistant tube phonation (M =693.54Hz, SD = 109.84 Hz)
[F(1, 88)=9.74, p < 0.01, Cohen’s d = 0.60] [Fig. 4(D)]. The
ratio PP, was significantly lower during the flow-resistant
tube phonation (MDN =0.81) compared to without the flow-
resistant tube phonation (MDN = 1.21) [H(1)=7.11, p < 0.01,
Cohen’s d = 0.40] [Fig. 4(E)].

Phonation using the flow-resistant tube resulted in a signifi-
cant increase in the tongue dorsum height (D2) (M =3.55cm,
SD = 0.37 cm) compared to the no flow-resistant tube phonation
condition (M =3.28cm, SD=0.43cm) [F(1, 87)=35.58, p
< 0.01, Cohen’s d=0.68] [Fig. 5(A)]. Tongue tip height (D3)
was also significantly higher (M =2.20cm, SD=0.66cm) in
the flow-resistant tube phonation condition compared to the
no flow-resistant tube phonation condition (M =2.01 cm, SD

TABLE II. Shapiro-Wilk test of normality for the ultrasound and acoustic
dependent variables.

Shapiro-Wilk

Dependent variables statistic (s-w)  df P
Posterior tongue height (D1) 0.977 18 0.066
Tongue dorsum height (D2) 0.988 18 0.472
Tongue tip height (D3) 0.980 18 0.107
Tongue length (D4) 0.988 18 0.423
Width of the oral cavity (D5) 0.992 18 0.779
Hyoid elevation (D6) 0.978 18 0.073
Width of pharynx (D7) 0.973 18 0.028*
Fundamental frequency (f,) 0.923 18  <0.001*
First formant frequency (F) 0.978 18 0.065
Second formant frequency (F5) 0.981 18 0.125
First subglottal resonance frequency (Fsg) 0.993 18 0.889
Peak-to-peak amplitude ratio (Py:Pgg) 0.863 18  <0.001*

“Indicates that the variables were non-normally distributed.
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=0.51cm) [F(1, 87)=8.96, p < 0.01, Cohen’s d= 0.33] [Fig.
5(B)]. There was no significant difference in the posterior
tongue height (D1) [F(1, 87)=1.65, p=0.20]; tongue length
(D4) [F(1, 87)=0.08, p=0.78]; width of the oral cavity (D5)
[F(1, 87)=0.08, p=0.78]; hyoid elevation (D6) [F(1,
87)=0.83, p=0.36], and width of the pharynx (D7)
[H(1)=0.96, p =0.33]. The presence of an anterior groove was
1.9 times more common in the condition without the flow-
resistant tube phonation than in the flow-resistant tube phonation
condition [# (1, 87) = 1.30, p = 0.20], however, the group differ-
ence in the presence versus absence of an anterior groove was
not statistically significant. The linear mixed effects logistic
regression model did not converge for the posterior groove
binary variable, as the posterior groove was predominantly pre-
sent in both conditions.

B. Main effect of gender for flow resistant tube
phonation across acoustic and ultrasound variables

For all the acoustic variables, there was no significant
main effect of gender for F; [F(1, 88)=0.96, p=0.33]; F,
[F(1, 88)=0.39, p=0.53]; Fsq [F(1, 88)=0.87, p=0.35];
fo [H(1)=0.22, p=0.64]; or P,:P, ratio [H(1)=23.44,
p=0.06].

Posterior tongue height (D1) was significantly higher in
boys (M=1.84cm, SD=0.60cm) compared to girls
(M=135cm, SD=0.65cm) [F(1,87)=4.02, p=0.05,
Cohen’s d =0.78] [Fig. 5(C)]. There was no significant main
effect of gender for the tongue dorsum height (D2) [F(1,
87)=1.32, p=0.25]; tongue tip height (D3) [F(1,
87)=0.06, p =0.81]; tongue length (D4) [F(1, 87)=0.01,
p=0.94]; width of the oral cavity (D5) [F(1, 87)=0.01,
p=0.92]; hyoid elevation (D6) [F(1, 87)=0.31, p=0.58];
and width of the pharynx (D7) [H(1)=3.36, p=0.07]. The
presence of an anterior tongue groove was 5.6 times more
likely in girls than in boys [ (1, 87) = 1.87, p =0.06], how-
ever, this finding was not statistically significant.

Interaction between condition and gender for flow resis-
tant tube phonation across ultrasound and acoustic variables
were not statistically significant.

C. Correlations between articulatory and acoustic
variables

The tongue dorsum height (D2) was significantly corre-
lated with both the first formant (F;) [p = —0.30; p < 0.01]
[Fig. 6(A)] and the second formant (F,) [p=—0.36; p
< 0.01] after Bonferroni correction [Fig. 6(B)]. Correlations
between F (or F;) and tongue tip height (or posterior tongue
height) were not significant, nor was the correlation between
Fsg1 and PPy, ratio [-23 < p <0.05; p > 0.01; Bonferroni
corrected alpha = 0.05/7 = 0.007].

IV. DISCUSSION

This study examines vocal tract acoustic, subglottal
acoustic, and vocal tract shape adjustments during narrow
flow-resistant tube phonation in typically developing pre-
pubertal children. Eighteen speakers (boys =38, girls=10)
participated in the experiment using a narrow flow-resistant
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TABLE III. Mean and standard deviations of the dependent variables with and without flow-resistant tube phonation: posterior tongue height (D1), tongue dor-
sum height (D2), tongue tip height (D3), tongue length (D4), width of the oral cavity (DS5), hyoid elevation (D5), width of the pharynx (D7), fundamental fre-

quency (fp), first formant frequency (#), second formant frequency (F>), first subglottal resonance (F'se1), and peak-to-peak amplitude ratio (Py:Pyg).

Condition Gender Variable N Mean Standard deviation Minimum Maximum Range
Without flow-resistant tube F D1 29 1.23 0.78 —0.19 245 2.64
D2 29 322 0.32 2.72 3.84 1.12

D3 29 2.01 0.46 1.40 2.89 1.49

D4 29 4.79 0.45 4.04 5.46 1.42

D5 29 3.83 0.28 3.30 4.30 1.00

D6 29 2.78 0.36 2.09 3.72 1.63

D7 29 2.07 0.74 0.66 3.49 2.83

fo 30 250.77 25.93 212.00 313.00 101.00

Fy 30 599.00 100.72 425.00 840.00 415.00

F; 30 1298.80 191.58 911.00 1630.00 719.00

Fsgi 30 668.13 103.24 455.00 881.00 426.00

Pyi:Pgy 30 1.35 0.93 0.31 4.34 4.04

M D1 24 1.86 0.73 0.24 3.11 2.87
D2 24 3.35 0.53 2.55 4.14 1.59

D3 24 2.01 0.59 1.19 3.47 2.28

D4 24 4.72 0.57 3.48 5.64 2.16

D5 24 3.84 0.44 2.71 4.36 1.65

D6 24 2.61 0.29 2.08 3.20 1.12

D7 24 2.44 0.63 0.67 3.38 2.71

fo 24 261.96 S51.12 192.00 394.00 202.00

F, 24 648.83 155.21 364.00 941.00 577.00

F, 24 1267.33 239.13 749.00 1670.00 921.00

Fsgi 24 725.29 111.67 516.00 982.00 466.00

PP, 24 1.56 0.86 0.57 4.35 3.79

With flow-resistant tube F D1 30 1.47 0.47 0.58 2.37 1.79
D2 30 3.44 0.29 2.67 3.97 1.30

D3 30 2.15 0.56 1.03 3.48 2.45

D4 30 4.73 0.47 3.49 5.42 1.93

D5 30 3.84 0.27 3.12 4.31 1.19

D6 30 2.73 0.38 2.04 3.62 1.58

D7 30 2.11 0.66 0.80 3.47 2.67

fo 30 243.67 18.45 222.00 273.00 51.00

Fy 30 246.37 19.22 222.00 283.00 61.00

F, 30 994.30 283.89 749.00 1721.00 972.00

Fsg 30 759.70 89.91 627.00 992.00 365.00

Py:Pgy 30 0.96 0.81 0.11 3.40 3.29

M D1 24 1.81 0.45 0.93 2.52 1.59
D2 24 3.68 0.42 321 4.59 1.38

D3 24 227 0.77 1.20 3.71 2.51

D4 24 4.81 0.52 3.43 5.74 2.31

D5 24 3.86 0.37 3.03 4.60 1.57

D6 24 2.75 0.28 242 3.36 0.94

D7 24 2.21 0.53 1.20 3.25 2.05

fo 24 248.58 25.35 212.00 303.00 91.00

F, 24 251.13 23.24 212.00 303.00 91.00

F, 24 912.17 223.54 526.00 1326.00 800.00

Fsgi 24 749.29 102.67 506.00 911.00 405.00

Pyi:Pgy 24 1.26 0.92 0.28 3.70 3.42

tube with a 2.53 mm inner diameter and 124 mm length, with
simultaneous recordings of microphone, accelerometer, and
3D/4D ultrasound, resulting in a total of 108 acoustic record-
ings, 108 accelerometer recordings, and 107 ultrasound record-
ings. The results of the present study indicate that the
magnitude of Fy, and F, adjustments in children is similar to
findings from adults during flow-resistant tube phonation.
Relative tongue dorsum height adjustments made by children
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during flow resistant-tube phonation are also similar to findings
from adults. Additional new findings of increased first subglot-
tal resonance and PP, ratio in children are also reported.

A. Acoustic variables

The average f,, F1, and F, values for the sustained /o:/

in the no-flow-resistant tube phonation condition were
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FIG. 4. Box and whisker plots showing in fundamental frequency (f,) (A), first formant frequency (F;), second formant frequency (F»), first subglottal reso-
nance (Fsq1), and peak-to-peak amplitude (P,:Ps,) in the two phonation conditions of with- and without- narrow flow resistant tube [(B), (C), (D), (E),

respectively].

similar to, but slightly higher than, measurements reported
for 10- to 12-year-old children by Hillenbrand et al. (1995),
who found average f,=236Hz, F;=597Hz, and
F,=1137Hz. The measured values in the current study
were slightly higher in frequency (f, =243 Hz, F; =621 Hz,
and F, = 1285 Hz) because our participants were in a youn-
ger age bracket (6- to 9-year-old children). Lee et al. (1999)
carried out a more detailed acoustic study of children’s vow-
els at each age from 5 to 17 years, but did not include the
vowel /o/ because it is typically diphthongized in speech.
The participants in Hillenbrand et al. (1995) were from
Michigan, Illinois, Wisconsin, Minnesota, Ohio, and
Indiana, and therefore offer an excellent match for our par-
ticipants in terms of dialect. More recently, Ramos and

Gama (2017) measured f, in the vowels /a/ and /¢/ from 27
children aged 5 to 10 years, and reported average values
between 255 and 267 Hz following the intrasubject control
condition of vocal rest, although their participants were chil-
dren with vocal nodules or cysts.

The f, was not affected during the flow-resistant tube
phonation, which is in agreement with two previous reports
for adults (Andrade et al., 2014; Gaskill and Erickson,
2010). One study reported a slight decrease in f, from
164 Hz during vowel production to 158 Hz during flow-
resistant tube phonation for one female subject (Radolf
et al., 2014). A similar decrease in f, is observed in the cur-
rent study in both boys (n=38) and girls (n= 10), however,
the group differences were not statistically significant.

No straw Straw
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Ramos and Gama (2017) reported no change in f, following
flow-resistant tube phonation in children with vocal nodules
or cysts; however, did not report the effect of flow-resistant
tube phonation on f, during the exercise.

The frequency of F; was lowered substantially during
flow-resistant tube-phonation to a mean value of 248 Hz.
The lowering of F; during flow-resistant tube phonation
agrees well with findings from adults in which the mean F,
value during phonation with a larger diameter tube (8 mm
inner diameter) was between 146 and 333 Hz (Andrade
et al., 2014; Gaskill and Erickson, 2010; Gaskill and
Quinney, 2012), with mean values around 250 Hz, and with
findings from Radolf ef al. (2014) where an F; of 160 Hz
was observed in a female subject during phonation with a
2.5 mm inner diameter flow-resistant tube. The frequency of
F, was lowered during flow-resistant tube phonation, from
1285 to 958 Hz. Our finding of lowering of F, is in agree-
ment with Gaskill and Erickson (2010) findings on adults
who reported a mean F, of 979 Hz during tube phonation by
adults, but contrasts with Radolf et al. (2014), who reported
an increase from 720 Hz for normal phonation of the vowel
/u:/ to 1220 Hz during phonation into a narrow flow-resistant
tube. Overall, the close agreement of our findings from chil-
dren with those from studies with adults suggest that the
physiological mechanisms responsible for influencing
change with the narrow flow-resistant tube exercise in chil-
dren are similar to those of adults.
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Subglottal resonances have been investigated in both
adults (Chi and Sonderegger, 2007; Cranen and Boves,
1987; Csapo et al., 2009; Dogil et al., 2010; Hanna et al.,
2018; Ishizaka et al., 1976; Lulich, 2010; Lulich et al., 2012;
van den Berg, 1960) and in children (Lulich, 2010; Lulich
et al.,2011b; Yeung et al., 2018). Among children in the age
range 6- to 9-years-old, the mean frequency of Fg,; was
780 Hz in 3 boys, 2 girls (Lulich et al., 2011b) and 744 Hz in
12 boys and 3 girls (Yeung et al., 2018). The mean first sub-
glottal frequency of 694 Hz found in the present study in the
no-flow resistant tube condition is somewhat lower com-
pared to previous findings in children (Lulich et al., 2011b;
Yeung et al., 2018), but each are within one standard devia-
tion of our mean value. The frequency of Fg,, increased to
755Hz during flow-resistant tube phonation, as expected
based on Lulich and Arsikere (2015). Although this was a
statistically significant increase, it represents an increase of
less than one standard deviation, and is still very similar to
the mean values reported for 6- to 9-year-old children by
Lulich et al. (2011b) and for 6- to 18-year-old children in the
study by Yeung et al. (2018). Furthermore, we could not rule
out the possibility that the change observed in Fg,; was due
to other causes, such as larynx lowering, instead of, or in
addition to, wall stiffening. Irrespective of the possible
mechanism/s of change, the increase in Fs,; frequency dur-
ing flow-resistant tube phonation changes the input imped-
ance of the subglottal airways, and alters the overall load
impedance experienced by the vibrating vocal folds (Lulich
and Arsikere, 2015; Titze, 2008).

To the best of our knowledge, P,;:Ps, measurements
have not been reported during flow-resistant tube phonation,
although Radolf ef al. (2014) reported peak-to-peak fluctua-
tions in intraoral pressure (related to our P,,) and Horacek
et al. (2014) reported both intraoral (P,) and subglottal
(Psup) peak-to-peak pressure fluctuations separately. The sta-
tistically significant decrease in this ratio during flow-
resistant tube phonation indicates that the signal obtained
from the accelerometer was louder relative to the micro-
phone signal during flow-resistant tube phonation. It is possi-
ble that the ratio of the peak-to-peak amplitudes in the
microphone and accelerometer signals could decrease simply
as a result of decreasing the mouth opening, however, we
were careful to elicit a close /o:/ vowel in the trials without
the straw, thus minimizing the change in mouth opening
between conditions.

B. Ultrasound variables

Most articulatory measures of the tongue and pharynx
were not found to statistically differ between the flow-
resistant tube and no flow-resistant tube conditions. Raising
the tongue dorsum and the tongue tip were the only statisti-
cally significant differences in children during flow-resistant
tube phonation. The tongue dorsum was found to rise by an
average distance of 0.27 cm. This is similar to, but somewhat
smaller than, the amount of tongue dorsum raising of
0.35cm (for their distance 3) observed by Laukkanen et al.
(2012a) for one adult female, and an average difference of
1.2cm for ten adults observed by Guzman et al. (2017b).
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The greater magnitude of raising of the tongue dorsum in
adults (Guzman et al., 2017b; Laukkanen et al., 2012b) com-
pared with the present observations in children may be due
to the larger size of these adults compared with the children
enrolled in the present study. A further study, by Vampola
et al. (2011), did not report measures directly comparable to
those reported here, but did find for one adult that the vocal
tract area function was contracted in the region of the tongue
dorsum, consistent with the finding of tongue dorsum rising
in the present study. In contrast to the finding of rising of
tongue dorsum in the present study in children, Guzman
et al. (2013c) reported tongue dorsum lowering during straw
phonation in one adult male, with an average difference of
0.8 cm.

The tongue tip was found to be higher by an average
distance of 0.19cm in children during flow-resistant tube
phonation. Laukkanen et al. (2012a) observed a lowering of
the tongue tip (their distance 1) in one adult female by an
average distance of 1.72cm, which is the opposite of the
effect reported here, but this could be due both to the smaller
size of the children’s vocal tracts in the present study, as
well as to differences between the anatomical definitions of
their distance 1 and our distance D3. Vampola et al. (2011)
found that the vocal tract area function was expanded in the
region of the tongue tip, which is also inconsistent with
tongue tip elevation experienced by children in the current
study.

Although investigations of vocal tract imaging in adults
have consistently found expansion of the pharyngeal and
epilaryngeal cavities (Guzman et al., 2013c; Laukkanen
et al., 2012a; Vampola et al., 2011) except for one endo-
scopic study (Guzman et al., 2013a) during flow-resistant
tube phonation, the ultrasound findings from our study do
not statistically support expansion of the pharyngeal and epi-
laryngeal cavities in children. Even though statistically sig-
nificant group differences were not observed for variables
D6 and D7, overall, there was a trend to indicate expansion
of the pharyngeal and epilaryngeal cavities during flow-
resistant tube phonation in children. This trend of pharyngeal
and epilaryngeal expansion is further strengthened by the
fact that the tongue is a muscular hydrostat (Chi-Fishman
and Stone, 1996; Kier and Smith, 1985; Lundberg and
Stone, 1999; Stone et al., 2001), and expansion of the phar-
ynx and epilarynx displaces tongue mass upward, as
observed in the significantly raised tongue dorsum (D2) dur-
ing flow-resistant tube phonation. The lack of statistical sig-
nificance could be due to the sample size, effect size, or that
our ultrasound distance measurements of hyoid elevation
(D6) and width of pharynx (D7) were inherently inadequate
for making such observations. For instance, investigations of
vocal tract imaging in adults have used MRI (Laukkanen
et al., 2012a), CT (Guzman et al., 2013c; Vampola et al.,
2011), and endoscopic (Guzman et al., 2013a) imaging
modalities, which are capable of imaging the epilaryngeal
and pharyngeal cavities. The 3D/4D ultrasound used in the
current study is generally restricted to imaging only the
suprahyoid parts of the vocal tract. It is also possible that the
children in this study lowered the larynx or raised the soft
palate during flow-resistant tube phonation. Both of these
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gestures have been observed before in adults (Guzman et al.,
2013c; Guzman et al., 2017b; Vampola et al., 2011), and
would have the effect of expanding the vocal tract volume.

C. Acoustic theory of narrow flow-resistant tube
phonation

The study findings suggests that ultrasound measure-
ments from children reveal similar (though smaller) changes
in tongue shape (raised tongue dorsum) to adults in response
to flow-resistant tube phonation. During flow-resistant tube
phonation children’s F; and F, frequencies are remarkably
similar to adults” F; and F, frequencies. While the differ-
ences between adult and child tongue shape data are explica-
ble on the basis of the difference in vocal tract and tongue
size, the nearly identical acoustic measures are contrary to
what we should expect based on size differences alone. We
here present a theoretical account of SOVT exercises with
narrow flow-resistant tubes that accounts for the present
acoustic findings from children, while remaining consistent
with previous results from adults. While the following theo-
retical account is suggested as it successfully accounts for
the empirical findings, it is better to consider it proposed
rather than proven. Additional research is needed to test and
evaluate the theory.

Previous theoretical acoustic models have predomi-
nantly been concerned with the tube length and diameter
effects of SOVT exercises (Gaskill and Erickson, 2010;
Horacek et al., 2017; Mills et al., 2017; Story et al., 2000;
Titze, 2006; Titze and Laukkanen, 2007). However, the low
F, finding during narrow flow-resistant tube phonation from
the current study cannot be fully explained by the length and
diameter of the tube alone. We demonstrate this by showing
that the predicted F; accounting for length and diameter of
the tube is much lower than the observed values, as follows.
Children in the age range from 6 to 9 years have relatively
slow-growing vocal tracts with vocal tract lengths of approx-
imately 12 cm (Vorperian et al., 2009), and mean vocal tract
cross-sectional areas around 3 cm” (Bunton et al., 2013). The
flow-resistant tubes used in the present study had a length of
12.4 cm and cross-sectional area of Ag, = ? = 0.0502 cm®.
To a first degree of approximation, the vocal tract and flow-
resistant tube can be modeled simply as two uniform tubes
with lossless input impedances of Z,, = —pc/A,,cot(kL,,) and
Zs = pclAgtan(kLy.,), respectively, where p is the density of
air, ¢ is the speed of sound in the vocal tract, k is the wave
number (k = 2nf /c, where f is frequency), A,, and Ay, are
the cross-sectional areas of the vocal tract and tube, respec-
tively, and L,, and Ly, are the lengths of the vocal tract and
tube, respectively. The natural frequencies (which are
approximations of the formant frequencies) of this system
are those for which the two impedances are equal (Stevens,
2000, pp. 136—-148). For the vocal tract and tube dimensions
given above, the frequency F is 59 Hz, 75% lower than the
observed values. The failure of this model to predict F; in
children indicates that the low F; during narrow flow-
resistant tube phonation must have another explanation
beyond the effects of the length and diameter of the tube.
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The low F; in children during narrow flow-resistant
tube phonation can alternatively be explained by taking into
account the vibration of the vocal tract walls. In this
approach, the resonance F; is not directly affected by the
length or diameter of the flow-resistant tube itself, but pri-
marily by the volume of the vocal tract and the mass of the
vocal tract walls, including the cheeks, neck, and lips.
Damping losses within the air column and walls will affect
the formant bandwidth, but will not have a substantial
impact on the frequency (Stevens, 2000, pp. 152—-162). The
similar mechanism is responsible for the “voice bar”
observed in voiced stop consonants (Badin and Fant, 1984;
Fant, 1972, 1960; Fant et al., 1976; Stevens, 2000), and the
“breathing mode” observed in vocal tract acoustics during
clarinet performance (Chen et al., 2009; Fritz and Wolfe,
2005; Lulich et al., 2017).

Before examining the predictions of this alternative
voice bar account of the observed F; frequencies during
flow-resistant tube phonation, it is necessary to determine
the basic validity of the approach. In order to be valid, it
must be shown that the impedance of the narrow flow-
resistant tube is larger than the impedance of the vocal tract
walls, for frequencies near f, and higher. A large tube imped-
ance will behave like an open-circuit, driving acoustic sound
propagation to flow through the lower impedance of the
vocal tract walls. Note that this acoustic flow is vibratory in
nature, unlike direct airflow. The direct airflow must still
escape from the mouth through the flow-resistant tube
(Stevens, 2000, pp. 94-97). Magnitude spectra for the vocal
tract wall impedance and the narrow flow-resistant tube
impedance are shown in Fig. 7. At very low frequencies
(below approximately 75Hz), the impedance of the flow-
resistant tube is smaller than the impedance of the vocal tract
walls (Svec et al., 2000), and thus low frequency sound and
direct airflow escapes through the tube. At all other frequen-
cies, including all frequencies near or above f,, the narrow
flow-resistant tube impedance is larger than the vocal tract
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FIG. 7. Impedance magnitude spectra for (1) flow-resistant tubes with inner
diameters of 2.5 and 5.0 mm, and (2) the vocal tract walls over the range of
frequencies from 0 to 2000 Hz. The calculation of these impedances is pre-
sented in the Appendix.
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wall impedance. Therefore, during narrow flow-resistant tube
phonation, it is reasonable and valid to pursue the alternative
account that F'; during flow-resistant tube phonation is equiva-
lent to the voice bar or breathing mode, and dependent primar-
ily on the vocal tract volume and the mass of the vocal tract
walls, rather than the length and diameter of the tube.

The frequency of F; according to this alternative voice
bar approach accounting for the vocal tract volume and mass
has been measured and modeled in a number of studies, and
is found to fall between 150 and 300 Hz, depending on the
speaker (Badin and Fant, 1984; Fant, 1972, 1960; Fant and
Lindquist, 1968; Fant et al., 1976; Fant and Sonesson, 1964;
Fujimura and Lindqvist, 1971; Stevens, 2000; Story et al.,
2000; Titze, 2001). The mean F; frequency of 248 Hz during
narrow flow-resistant tube phonation observed in the present
study falls within this expected range of 150 and 300 Hz, and
is thereby well accounted for. Thus, we propose that the pre-
dominant effect on F; of phonation through a narrow flow-
resistant tube is likely to be attributable to the wall vibration
rather than to the added length and narrow diameter of the
tube itself.

It is important to emphasize that only narrow flow-
resistant tube effects can be explained predominantly by vocal
tract wall vibration. The degree of the effective occlusion is
dependent on the inner diameter of the tube. Since the tube’s
inertance is inversely related to its cross-sectional area, i.e.,
L, = pc/A, where p = 1.14 x 1073 g/cm? is the density of
air, ¢ =35900 cm/s is the speed of sound in humid air at body
temperature, A = 77:(D/2)2 is the cross-sectional area, and D is
the inner diameter (Fant, 1960; Stevens, 2000; Titze, 2006),
every doubling of the inner diameter (e.g., from 2.5 to 5.0 mm)
results in a decrease in tube impedance magnitude by approxi-
mately 12 dB. According to Fig. 7, the impedance of a tube
with inner diameter 5.05mm is just below the impedance of
the vocal tract walls, and it is no longer valid to analyze F; as
an analog of the voice bar. SOVT exercises using flow-
resistant tubes with inner diameter smaller than 5 mm are there-
fore fundamentally different from SOVT exercises using larger
diameter tubes. This fundamental difference should not be con-
fused with the frequently made distinction that the predominant
effective mechanism for large-diameter tubes is increased iner-
tance in the f, range, while the predominant effective mecha-
nism for narrow-diameter tubes is increased resistance (Smith
and Titze, 2017; Story et al., 2000). The narrow-diameter tube
also has an increased inertance as well as increased resistance
(Story et al., 2000), and both of these combined lead to the
narrow-diameter tube behaving like a full occlusion (open cir-
cuit) in the f, range, and the consequent recruitment of inertive
vibrations of the vocal tract walls (Stevens, 2000, pp. 94-97).

Previous empirical and modeling studies that found
decreases in F; to frequencies as low as 80 Hz made use of
large diameter tubes (Horacek et al., 2014; Horacek et al.,
2017; Story et al., 2000). The study by Story et al. (2000) is
particularly noteworthy in this respect because they explic-
itly included vocal tract wall vibrations in their model with a
parameter F'r ~ 200 Hz, described as “the lowest resonance
frequency of the tract when closed at both the glottal and lip
ends” and explained as “a lower bound on the first formant
frequency when the shunting effect of the yielding wall is
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included.” They accordingly found a low F; of 190 Hz for a
complete bilabial occlusion. Significantly, this means that
the lowest F; they observed with a 100cm extension tube
(=135 Hz) is more a resonance of the tube than a resonance
of the vocal tract. This resonance will affect the load imped-
ance seen by the vibrating vocal folds, but it will do so in a
way that is very different from the mechanism we are pro-
posing for narrow diameter tubes, namely by enhancing res-
onant vibrations within the extension tube itself rather than
by enhancing vibrations of the vocal tract walls close to the
phonation source.

Given that the predominant effect of the narrow flow-
resistant tube is to occlude the vocal tract for all frequencies
at or greater than f,, the second formant (F,) during narrow
flow-resistant phonation must be considered a resonance of
the vocal tract closed at both the glottal and lip ends. In a
uniform, rigid-walled tube closed at both ends, a pressure
node exists at the middle of the tube. Decreasing the cross-
sectional area at this point (e.g., by raising the tongue dor-
sum) lowers all resonance frequencies of the tube except the
voice bar resonance F; (Chiba and Kajiyama, 1941; Fant,
1960; Stevens, 2000). Similarly, expanding the cross-
sectional area at the posterior end of the tube (e.g., by
expanding the pharynx or epilarynx) lowers all resonance
frequencies. Thus, the combined effects of tongue dorsum
raising (which was observed in the present study) and pha-
ryngeal/epilaryngeal expansion (observed in the present
study, but without statistical significance) are to lower all
resonance frequencies of the vocal tract except the voice bar
resonance F;. Such a lowering of F, has been observed for
vocal tract acoustics during clarinet performance, where
adjusting the tongue shape for the vowel /o/ results in an F,
value of approximately 900Hz for adults (Lulich et al.,
2017), which is similar to the mean F, frequency of 958 Hz
observed for children during narrow flow-resistant tube pho-
nation in the present study.

The large impedance of the narrow flow-resistant tube
also has the effect of blocking sound radiation through the
tube. During narrow flow-resistant tube phonation, sound
radiates preferentially from the vibrating walls of the vocal
tract. The vocal tract walls act as a low-pass filter, attenuat-
ing high frequencies (Lulich er al., 2011a; Meltzner et al.,
2003; Wu et al., 2014), and it is this low-pass filtered signal
that reaches the microphone during data collection. The
attenuation of sound energy by the vocal tract walls accounts
for the significant decrease we observed in PP, and pro-
vides empirical evidence of increased vocal tract inertance
during flow-resistant tube phonation. It may also account for
some of the difficulty we experienced in identifying and
measuring formant frequencies and subglottal resonance fre-
quencies above F, and Fgg, respectively.

V. CONCLUSIONS

The following conclusions could be drawn from the
results of this study.

Children exhibit similar lowering of F;, F, and raising
of tongue dorsum compared to adults during narrow flow-
resistant tube phonation, suggesting that the physiological
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mechanisms responsible for influencing change with the nar-
row flow-resistant tube exercise in children are similar to
those of adults.

We propose that the lowering of Fy, F,, and the new
findings of the decrease in the ratio of the sound energy radi-
ated from the vocal tract to the sound energy radiated from
the neck (Py.:Pgg), together with increased first subglottal
resonance frequency (Fsg;), provides empirical support for
increased vocal tract inertance near and above f, predomi-
nantly due to vocal tract occlusion and enhancement of vocal
tract wall vibrations rather than vocal tract lengthening for
phonation through narrow flow-resistant tubes.

The flow-resistant tubes with inner diameter greater than
5mm are fundamentally different from SOVT exercises using
narrow diameter tubes as these larger tubes do not increase the
vocal tract inertance predominantly due to vocal tract occlusion
since the impedance of tubes with inner diameter of 5.05 mm
is just below the impedance of the vocal tract walls.

The lack of statistically significant differences in the
indirect measures of pharyngeal and epilaryngeal tube
widths points to the need for additional future studies
directly investigating changes in these cavities during SOVT
exercises in children using more direct visualization meth-
ods, such as MRI and CT imaging.

The conclusion that F during narrow flow-resistant
tube phonation in both children and adults may be analogous
to the voice bar, and hence due to inertive vibration of the
vocal tract walls, warrants further investigation, especially
using methods appropriate to directly measure vocal tract
wall vibration, such as accelerometry (Meltzner et al., 2003;
Munger and Thomson, 2008).

The finding that Fg,; changes in response to flow-
resistant tube phonation was not conclusively linked to an
increase in subglottal wall stiffness rather than larynx lower-
ing or other factors. It is nevertheless noteworthy that a
change was observed, suggesting a corresponding change in
the load impedance experienced by the vibrating vocal folds
(Lulich and Arsikere, 2015; Titze, 2008). It may therefore be
important to consider the contribution of the subglottal
impedance to voice production during SOVT exercises, and
the mechanisms by which the F'g,; changes.

The present study provides quantitative acoustic and ultra-
sound targets during narrow-flow resistant tube phonation in
children which could potentially serve as quantitative predic-
tive targets for training the narrow flow-resistant tube phona-
tion voice therapy technique in children with voice disorders.
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APPENDIX

Flow-resistant tube impedances were calculated using
Eq. (A1) (Stevens, 2000):
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In Eq. (A1), the first term refers to viscous losses from lami-
nar airflow within the tube; the second term refers to losses
due to turbulence at the tube outlet; and the third term refers
to the acoustic mass of the air column within the tube. The
diameter of the tube is D and its cross-sectional area is A.
The length of the tube is 124 mm. The volume velocity flow
was assumed to be U, = 500cm?/s the density of air was
p=1.14x10"3g/cm’ the coefficient of viscosity of air
was it = 1.86 x 10~* dyns/cm? The dimensionless constant
k representing the pressure loss at the outlet of the tube had a
value of 0.875.

The impedance of the vocal tract walls was calculated
using Eq. (A2) and the mechanical constants reported by
Ishizaka et al. (1975) for the cheeks,

_B+j(oM+K/w)

z . (A2)
N

In Eq. (A2), the mass of the vocal tract walls is M, the stiff-
ness is K, and the tissue viscosity is B. Ishizaka et al. (1975)
reported values of M between 1.5 and 2.1 g for relaxed ver-
sus tensed cheeks, respectively; values of K between 33 300
and 84500dyn/cm;and values of B between 800 and
1060 g/s. The exact values used in the present study were
M =2g, K =75000dyn/cm, and B = 900 g/s The circum-
ference of the vocal tract was, § = 6.14 cm corresponding to
a cross-sectional area equal to A = 3 cm?.
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