A Comparison of the Effects of Phonation into a Positive
Expiratory Pressure Device and Silicone Tube in Water
on the Vocal Mechanism
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Summary: Objectives. Positive expiratory pressure (PEP) devices have become an additional therapeutic
approach for treating voice disorders. Similar to water resistance therapy (WRT), phonation in a PEP device
introduces a secondary source of vibration within the vocal tract. This investigation aimed to compare the
effects of phonation using a PEP device and silicone tube phonation (STP) commonly used in WRT on the
vocal mechanism during phonation.

Methods. Three normophonic subjects participated in the study. High-speed videoendoscopy, pressure, air-
flow, electroglottography, and acoustic recordings were collected.

Results. The results demonstrated that phonation using both the PEP device and silicone tube induced al-
terations in glottal behavior. The PEP device produced more pronounced and consistent pressure oscillations,
impacting the glottal cycle and influencing parameters including contact quotient (CQ), fundamental frequency,
glottal area, pressure, and airflow. The regular vibratory mechanism of the PEP device systematically modified
the glottal cycle. In STP, regular bubbling at lower depths of submersion produced higher CQ values, sup-
porting the efficacy of deep bubbling exercises for inducing glottal adduction.

Conclusions. The findings suggest that phonation using PEP devices has a more pronounced impact on the
vocal tract and glottis. It also provides a stronger massage effect that directly affects the glottal source.
Phonation with a silicone tube produces similar results, although to a lesser extent and with lower regularity.
These findings offer guidance in the selection of voice therapy devices.

Key Words: Semi-occluded vocal tract exercises—Positive expiratory pressure-Tube phonation—-Water re-

sistance therapy—Acapella—Shaker—Vocal tract impedance—Periodogram.

INTRODUCTION
Semi-occluded vocal tract exercises (SOVTEs) have proven to
be a well-established therapeutic approach for treating voice
disorders. The core principle of SOVTEs involves increasing
the impedance of the vocal tract to match that of the glottis.'
This, in turn, enhances vocal economy, allowing for maximum
vocal output with minimal stress on the vocal folds.”” In-
creasing the impedance of the vocal tract can be achieved by
narrowing the vocal tract or elongating it artificially. This en-
hances vocal fold vibration by approximating the impedance of
the vocal tract to that of the glottis, consequently increasing the
positive (inertive) reactance, thereby aiding vocal fold vibra-
tion.”” Furthermore, some SOVTEs incorporate a lower-order
secondary source of vibration in the vocal tract, such as lip and
tongue trills or water bubbling.” The addition of a secondary
source of vibration in the vocal tract produces large oscillations
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in the mean intraoral pressure, not typically observed during
regular phonation. These oscillations manifest as mechanical
vibrations of the vocal tract and laryngeal structures. This
additional effect, often referred to as the 'massage effect’ in
previous literature” ' can be regarded as an ancillary ther-
apeutic outcome since it is not directly associated with the
constriction or elongation of the vocal tract, as defined by the
term SOVTEs.

A more recent alternative method of introducing a sec-
ondary source of vibration in the vocal tract is the use of a
vibratory positive expiratory pressure (PEP) device.'” '’
PEP devices were originally designed for bronchial hygiene
and aim to mobilize secretions from the lungs and trachea
in conditions such as cystic fibrosis and neurogenic dis-
eases, hence they are commonly used without vocalization.
PEP devices are composed of a mouthpiece connected to a
tube with an oscillatory valve at its distal end (Figure 1). As
such, PEP devices work similarly to water resistance
therapy (WRT) (ie, phonation into a long silicone tube with
the distal end submerged under water), as both techniques
artificially lengthen the vocal tract while also introducing a
secondary source of vibration at its distal end (water
bubbling for WRT and a flapping/bouncing mechanism for
PEP devices). Different mechanisms of pressure and airflow
modulation generated by PEP devices have been devel-
oped. For example, the Shaker device (POWERbreathe
International Ltd., Warwickshire, UK), uses a plastic cone
containing a metal sphere that is vertically displaced by the
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FIGURE 1. PEP device. Acapella Choice (from Saccente et al, 2022).

airflow,”” while the Acapella Choice (henceforth Acapella)
is composed of a tube with a distal oscillatory arm that
closes and opens with airflow (Figure 1). The impact on the
voice by these mechanical differences between PEP devices
still needs to be investigated during phonation.

With regard to the Acapella device, Andrade 2022'*
found that the low-frequency modulation of pressure and
airflow values in the vocal tract significantly affects the
vibration pattern of the vocal folds. Specifically, the Aca-
pella device causes regular changes in the impedance of the
vocal tract, which alternates the vibration pattern of the
vocal folds between aided and hindered. When the Aca-
pella’s arm is closed, pressure is at its maximum, causing
the vocal fold vibration to be hindered. Conversely, when
the Acapella’s arm opens, intraoral pressure drops to
minimum values, causing the vocal folds to vibrate with
maximum amplitude, which in turn leads to larger mod-
ulations of the high-frequency component of pressure; re-
lated to the vocal cycle. This slow (relative to the frequency
of phonation) pressurization and depressurization of the
vocal tract is responsible for the previously mentioned
massage effect. The authors also offer the possibility of an
unanticipated therapeutic effect with the use of Acapella
devices in which small adjustments of the intrinsic lar-
yngeal muscles may take place to counteract the changes in
impedance. Although undocumented, these adjustments
may impact on the dexterity and strength of the intrinsic
muscle activity of the larynx. These assumptions should be
tested in future studies.

Similarly, to PEP devices, WRT also produces length-
ening and a lower frequency modulation of pressure in the
vocal tract and therefore changes in its impedance, which is
likely to affect vocal fold vibration.””' However, as the
vocal tract pressure modulation by the WRT’s water
bubbling can present different regimes (regular, bimodal,
and chaotic™), it is unclear whether it can produce similar
changes in vocal fold vibration pattern as PEP devices.'
The aims of this study are a) to compare the behavior of
pressure and airflow profiles in the vocal tract between
Acapella and WRT, b) specifically, to compare the massage
effect driving pressure caused by the lower-order frequency
modulation produced by each technique, and c) to assess
how these changes affect vocal fold vibration. As we do not
use a WRT protocol in this study, we prefer the term "si-
licone tube phonation" (STP) as it better describes the

methodology employed in our analysis. Therefore, this
study assesses vocal changes during exercise, rather than
the therapeutic effects of WRT. We hypothesize that
changes from the baseline in glottal behavior will be more
pronounced during phonation into the Acapella device due
to the previously observed larger pressure modulation.'”

METHODS

Participants

Three cisgender normophonic subjects, aged between 40
and 50, participated in the study, including two males (M1
and M2) and one female (F1). All participants confirmed
having no previous history of vocal pathologies and
expressed their ability to produce a normal voice.
Throughout the data collection process, the researchers,
who were a speech pathologist and a vocologist, did not
observe any auditory-perceptual deviations in the partici-
pants’ voices. These individuals were recruited using a
convenient sampling method and had prior experience with
data collection at the Academy of Performing Arts in
Prague. Initially, two additional volunteers were considered
for inclusion in the study; however, they were subsequently
excluded due to challenges in visualizing the larynx during
videoendoscopy caused by the positioning of their epi-
glottis, which obstructed the view path. All participants
were familiar with SOVTEs, however, only M1 (the first
author of this study) had previously used the Acapella
device. All participants provided consent for the data col-
lection and were instructed by the first author on how to
perform the required tasks appropriately. All participants
provided informed consent before taking part in this study.

Device

The Acapella device (Acapella Choice, Smiths Medical
ASD, Inc, Rockland, Massachusetts) (Figure 1) was chosen
for this study due to its pressure-airflow values being less
susceptible to changes caused by the device's position, in-
cluding the angle between the device and the floor.”’ Ad-
ditionally, it’s noteworthy that the Shaker devices require
an 8 cmH,O threshold pressure before oscillation begins,
limiting their comparability to STP only at deeper tube
submersions. For STP a 30 c¢m silicone tube with 9 mm of
inner diameter at water depths ranging between 2 and
12 cm was used.
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Equipment

High-speed videoendoscopy (HSV)

The high-speed videoendoscopy (HSV) was recorded at
6000 fps using a VisionResearch Phantom V611 camera
(VisionResearch Phantom, New Jersey, USA) with an
Olympus CLV-S45 (300 W) light source (Olympus
Corporation, Tokyo, Japan). The camera was mounted on
a tripod and the rigid endoscope was set at a comfortable
height and angle for the tested subjects. Half-second seg-
ments were recorded at different time intervals using a
manual trigger, and the recorded moments were captured
at stable parts of the phonation when unobstructed views
of the glottis were possible. Glottal area waveform (GAW)
signals were obtained using the Glottal Analysis Tools 2020
software (GAT) (University Hospital Erlangen, Erlangen,
Germany). The GAW was resampled to 48 kHz using
MATLAB. Digital videokymograms (VKG) were pro-
duced from the HSVs using the Imagel software version
1.53c (Rasband, W.S., ImageJ, U.S. National Institutes of
Health, Bethesda, Maryland, USA, https://imagej.nih.gov/
ij/, 1997-2018).

Pressure and airflow data

Pressure was measured using a digital manometer, Honeywell
ASDXAVXO001PD2A3 (Honeywell International Inc, North
Carolina, USA). A 10 cm long measuring probe was placed at
the T-shaped mouthpiece junction (see Figure 2). Airflow was
measured using a Sensirion SFM3000 digital airflow meter
(Sensirion AG, Staga, Switzerland), placed between the
mouthpiece and the Acapella or silicone tube. Pressure and
airflow measurements were recorded at 2 kHz and resampled
to 48kHz using MATLAB (The MathWorks, Inc. 2023,

Pressure
transducer

High speed camera

Acapella
Choice

Water
resistance
therapy tube
(Silicone Tube

Phonation)

Microphone

FIGURE 2. Data collection setup. For clarity, the T-shaped
mouthpiece is shown vertically, however, during the experiment,
the airflow meter and Acapella device were kept horizontally.
Different depths of water were tested for STP.

Massachusetts, USA). The rigid endoscope was placed across
the straight portion of the T-shaped mouthpiece and sealed
with a rubber bung at the distal end to avoid air leakage (see
Figure 2). The pressure probe was placed through a small hole
in the outside part of the perpendicular joint in the T-shaped
tube. Vaseline was applied to all joints to avoid air leakage.

Electroglottographic and acoustic data
Electroglottographic (EGG) signals were recorded using a
Laryngograph D-200 device (Laryngograph, Wallington, UK),
and the contact quotient (CQ) of the EGG signal was calcu-
lated using a hybrid algorithm as described by Howard et al
(1995).”* Acoustic data were obtained using a Sennheiser ME
62 microphone (Sennheiser, Wedemark, Germany), placed
5cm from the distal end of the Acapella device or the upper
edge of the container used for WRT (see Figure 2). EGG and
audio signals were recorded synchronously (48 kHz, 24-bit).
The audio recording was used to evidence the behavior of the
flapping mechanism of the Acapella device as it was noted that
airflow can sometimes be produced in its absence. An attempt
was made to quantify the sound pressure level (SPL) differ-
ences among utterances; however, the clicking sound of the
rocker arm interferes with the audio signal, making SPL data
unreliable. The audio recording was also used for annotation
purposes during the experiment. Data were collected in a
sound-treated room.

Procedures

Videoendoscopic procedure

To obtain clear videos of the larynx, the tested subjects
were standing directly in front of a reference monitor to
visually manage the laryngeal viewing area. The partici-
pants were instructed to align the center of the endoscopic
view with the larynx to obtain a full view of the glottis
while phonating into the mouthpiece. They were advised to
position their tongue inside the T-shaped mouthpiece to
enhance visualization of the glottis. Although the /i/ vowel
was the target vowel because it promotes a high position of
the tongue with an improved laryngeal view, distortions in
sound quality were allowed due to the presence of the en-
doscope. Topical anesthesia was not administered, and
despite the complexity of the procedure, the subjects
managed to tolerate it with minimal discomfort.

Data collection protocol

Data for the Acapella device was collected first to minimize the
overlapping effects of repeated STP recordings at the various
water depths used in this study. As mean intraoral pressure
during STP is mainly determined by the depth of water sub-
mersion of the distal end of the silicone tube,””*** water
depths ranging from 2 to 12 cm were investigated. This range
would enable the selection of the mean intraoral pressure
during STP that best corresponds to mean intraoral pressures
generated during phonation into the Acapella device. The use
of mean intraoral pressure as an independent variable in this
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analysis is because it can be easily manipulated by changes in
water depth during STP, but more importantly, it has been
shown to correlate with oscillatory pressure and airflow rate
during STP and PEP phonation.'*”"*>*° To account for pos-
sible effects of fundamental frequency on the data, male sub-
jects were asked to sustain phonation at an E3 while the female
subject was asked to use an A3. These pitches were reported to
be comfortable for the participants. Data were extracted from
the central 4 seconds of sustained vowels.

Data processing and analysis

To examine the isolated effects of the devices on the voice, the
raw pressure and airflow data were filtered to obtain values
related to the mean, device, and glottal components. The mean
values, used to pressurize the PEP device and silicone tube
prior to oscillation, were derived from the central 90% of each
token’s signal data. The low-frequency modulation by the PEP
device or STP’s water bubbling was obtained using a 0.002-
second moving average filter. The higher frequency component
related to the glottal cycle (note: although the term glottal is
used, pressure and airflow data are obtained outside the mouth
and not at the level of the vocal folds) was obtained using a
polynomial filter to remove the drifting effects caused by
phonation into the devices. The data were visually inspected in
all analyses, and adjustments to the filtering settings were made
as necessary to ensure that the correct filtering was achieved
without introducing changes in the phase relations among
variables. To quantify regularity in the modulation of pressure
by the PEP device and STP, the peak of the power spectral
density (Pressurepsp peak) Was calculated using a period-
ogram.”’ Additionally, for the same purpose, the regularity in
the envelope signals of the EGG (EGGEnvelopesampie_Entropy)
and GAW (GAWEnvelopesample_Entropy) Were measured using
a sample entropy method based on Richman and Moorman
(2000)** and implemented as a MATLAB function by Victor
Martinez-Cagigal.”” Furthermore, the phase delay between the
pressure and airflow signals was analyzed.

The data analysis was conducted in two stages. First, we
examined a subset of the data consisting of a single STP
water depth that matched the mean pressure produced by
the Acapella device. This analysis focused on observing
changes over time and provided insights into the behavior
of pressure and airflow profiles in the vocal tract and their
influence on the glottal cycle. Second, a more extensive
analysis was performed to assess the differences between
STP and Acapella, considering multiple water depths for
STP. This comprehensive analysis provides a broader un-
derstanding of how STP compares to Acapella in terms of
its effects on the vocal tract and glottal cycle.

RESULTS AND DISCUSSION

Consideration of the acoustic characteristics of the
data collection setup

Before interpreting the relationship between the obtained sig-
nals, it is crucial to consider the acoustic properties of the vocal
tract when elongated by either the Acapella device or the 35 cm

silicone tube. The calculation for determining the first re-
sonance frequency (fr;) of a uniformly shaped tube involves
dividing the speed of sound (346 m/s) by four times the length
of the tube (in meters). Assuming a reference length of the
human vocal tract as 0.17 m, the fg; of the vocal tract is ap-
proximately 500 Hz. By adding a 35cm length tube to the
vocal tract (0.17 m + 0.35m), the resonance of the vocal tract
plus the tube is estimated to be around 166 Hz. Likewise,
considering the added length by the Acapella device (18 cm),
the fr; is calculated to be 247 Hz. However, it is important to
note that these calculations do not account for the additional
length of the Tjoint and pressure flow meter (10 cm) used in
this study, which lowers these values to 54 Hz and 192 Hz,
respectively. Furthermore, although less quantifiable for STP,
the Acapella device exhibits a noticeable variation in the shape
of its distal end, alternating between open and closed positions.
Consequently, it can be inferred that the overall configuration
of the combined tube (comprising the vocal tract, Acapella
device, and T-oint) transitions between closed-open and
closed-closed ends conditions. This variation has implications
for fry, which is expected to span a range of approximately
140 Hz (closed-open) to 280 Hz (closed-closed), with an
average value of around 210 Hz. Consequently, it is likely that
phonation for the female subject occurred above fr, while the
male subjects may have been below this value (more probably
for the Acapella). This disparity in phonation frequencies be-
tween males and females has significant implications for the
interactions between the source and filter. Specifically, for the
female, the vocal tract can be considered compliant, whereas,
for males, it is more likely to be inertive at their respective
fundamental frequencies (for more details on vocal tract re-
sonance, refer to Wolfe 2009°"). These distinctions in vocal
tract behavior can affect the non-linear interactions between
the vocal fold vibration and the vocal tract, ultimately influ-
encing the vibratory characteristics of the vocal folds.

Presentation of time domain analysis

Firstly, the time domain illustrations of the effects of the
oscillatory pressure and airflow profiles on the glottis are
shown. Figures 3-8 show subsets of the data for the PEP
phonation and STP for the three subjects (Figures 3 and 4
show the data for the female subject producing an A3
(approx. 216 Hz) during Acapella and STP respectively.
Figures 5-8 show the males producing the same exercises at
a E3 (162 Hz). Synchronous EGG, VKG, glottal area,
pressure, and airflow data are displayed. A longer time
interval window showing the normalized low-pass filtered
data for pressure and airflow (this refers to the low-fre-
quency modulation produced by the Acapella flapping
mechanism and the water bubbling for STP) synchronous
with the electroglottography (EGG) envelope (EG-
Genvelope), glottal area waveform envelope (GAW pyeiope),
contact quotient (CQ), and the fundamental frequency (F)
are also shown. Finally, an extract of low-pass filtered data
for pressure and airflow with the superimposed EGG tra-
cing showing three glottal cycles is displayed at instances
when the intraoral pressure modulation produced by the
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devices reaches maximum and minimum values (lower
panel, left, and right, respectively). A summary of the data
obtained from Figures 3-8 is presented in Table 1.

Time domain analysis: comparison of low-frequency
pressure modulation effects on the voice by both
devices

Observation of the data displayed in the time domain
showed important patterns. It can be seen that changes in
the pressurepeyice by both exercises caused changes in all
glottal parameters. However, these changes are more pro-
nounced during the regular and larger modulation of
pressure caused by the flapping mechanism of the Acapella
device compared to STP. This result demonstrates the
mechanistic effect of the Acapella device, which influences
the aerodynamic properties of the system and consequently
affects the glottal cycle, corroborating previous find-
ings."”'* In the case of the Acapella device, maximum
pressure occurs when the rocker arm is lowered, ob-
structing the airflow outlet. This is primarily caused by the
downward force exerted on the rocker arm by the magnetic
field generated by the two magnets at its distal end. As
pressure builds up, the airflow pushes the rocker arm up-
ward, opening the airflow outlet resulting in an increase in
airflow. After the airflow reaches its peak, the rocker arm
reverses its motion, reducing the airflow outlet and subse-
quently increasing the pressure for the next pressure/airflow
cycle modulated by the Acapella device. This distinct pat-
tern can be observed in the normalized signals (sixth and
seventh graphs from top to bottom in Figures 3, 5, and 7),
where pressure leads flow by approximately 90 degrees.

Similarly, changes in pressure and airflow caused by the
flapping mechanism of the Acapella device also influence
the modulation of the glottal cycle, as evidenced by the
glottal and EGG envelopes, as well as the CQ and F, data.
Although a slight delay is introduced in the signals due to
the distance between the pressure and airflow meters from
the glottis, it is evident that CQ generally tracks the mod-
ulation of airflow during Acapella usage. However, for
STP, the trends in the data, including the modulation of F,
EGG and glottal area waveform envelopes, are not clearly
discernible, as illustrated in Figures 4, 6, and 8. None-
theless, it is worth noting that the pressurepeyice CON-
sistently leads the airflowpyice by approximately 90 degrees
for both devices, as indicated in Table 1.

When comparing the data from STP to the Acapella
device, it is evident that changes in pressurépeyice are neg-
ligible and primarily associated with the mean pressure
(Pressurepfean). This is due to the nature of the exercise,
where oral pressure must overcome the resistance exerted
by the water column above the distal end of the tube before
bubbling begins, resulting in a prescribed static pressure in
the vocal tract (referred to as pressureépeyice in this study).
Consequently, lower, and more irregular changes are ob-
served in the EGG, VKG, glottal area waveform, and
airflow data for STP. Table 1 indicates that STP yields
lower values for CQ, pressurepeyice, Pressurepsp peak, and

TABLE 1.

Summary Data for Devices Matched by Mean Static Pressure

M2

M1

F1

Subject
device

STPs5¢m PEP STP4cm PEP STP4cm

PEP

0.2 (0.01)
0.0043

0.47 (0.01)
0.004

0.34 (0.02)
0.0062

0.37 (0.00)

0.0051

0.41 (0.01)
0.0119

0.42 (0.02)
0.0037

CQ [%]

EGGEnvelopeSampIe_Entropy

f, [Hz]

165.19 (3.22)
0.0043

156.91 (4.38)

0.0040

163.87 (5.97)
0.0061

166.82 (4.62)
0.0050

213.11 (3.63)

0.0119

216.52 (4.68)
0.0039

GAWEnveIOpeSamplegEntropy

3.18 (4.79)
0.92 (0.52)

4.7 (3.31)

5.79 (2.54)
2.26 (0.75)
6.85 (1.32)

-18.19

6.53 (2.64)
2.28 (0.13)
7.07 (1.04)

-8.14

6.1 (0.61)

4.67 (1.51)

Pressurepean [cmH,0]
Pressurepeyice [cmMH,0]
Pressuregiotal [cmMH,0]

3.56 (0.38)
8.18 (2.61)

-6.91

0.55 (0.28)
1.2 (0.42)
-18.41

3.28 (0.12)
2.61 (0.86)

-6.57

13.57 (0.86)

-14.13

Pressu repsp Peak [d B/HZ]

airflowpean [L/s]

0.61 (0.1)

0.21 (0.17)
0.38 (0.02)
0.26 (0.05

0.19 (0.16)
0.33 (0.03)
0.26 (0.08)

0.22 (0.18)
0.42 (0.00)

0.2 (0.04)

0.08 (0.1)

0.22 (0.14)
0.36 (0.01)
0.11 (0.03)

0.21 (0.08)
0.07 (0.04)

0.08 (0.02)

0.24 (0.05)

airflowpeyice [L/s]

airflowmotta. [L/S]

88.04 (1.44) 88.74 (0.57) 87.23 (1.86) 78.82 (2.55)

89.34 (0.35)

87.04 (1.87)

Pressure/airflow Phase Delaypeyice [degrees]

76.15 (13.34)
39.62 (40.03)

18.22 (12.58)
The subscripts after STP indicate the water depth submersion used for comparison. The subscripts: Mean (static pressure), Device (Oscillatory pressure due to the second source of vibration in the vocal

-55.95 (19.93) 37.52 (12.38) 21.48 (4.78)
70.04 (29.81) 77.59 (22.17)

-54.35 (23.18)

-105.56 (23.49)
-26.79 (21.82)

Pressure/airflow Phase Delaypevice pmax [degrees]
Pressure/airflow Phase Delaypevice pmin [degrees]

97.30 (42.93)

tract) and Glottal (Oscillatory pressure related to the glottal cycle), refer to the specific elements of the pressure and airflow signals analyzed. Phase delay values are displayed as positive numbers when

pressure is ahead of flow and negative values when airflow leads pressure.
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airflow compared to the Acapella device across all subjects.
The differences in the regularity of pressure modulation by
the two devices can be quantified by the peak value in the
power spectral density of their respective periodograms
(Pressurepsp_peax)- In this regard, the STP generates values
as low as half of those obtained with the Acapella, in-
dicating the chaotic nature of the water bubbling and its
irregular impact on the glottal cycle. This is evident when
visually examining the data for STP. For example, minimal
to no observable variation in the VKG patterns is seen
throughout the duration of the STP exercise. This finding
highlight that clinically, the Acapella device has the capa-
city to produce a stronger and more consistently regular
massage effect in the vocal tract compared to STP.

Time domain analysis: Low-frequency pressure
modulation effects on glottal behavior (differences
between male and female subjects)
When examining the modulation of pressuregioua and
airflowgional by the pressurepeyice, as well as their phase
relationships (depicted in the left and right panels at the
bottom of Figures 3, 5, and 7), the impact of the Acapella
device on vocalization becomes more evident. In the case of
the female subject (Figure 3), at maximum Acapella pres-
sure, airflowgiouar leads pressuregioa by approximately
105 degrees (as shown in Table 1). This leads to a shorter
glottal contact duration, resulting in slightly lower values
of CQ compared to the average (refer to CQ values in the
top graph of Figure 3). Furthermore, during maximum
pressure, the glottal area waveform is reduced, indicating a
narrower lateral opening of the glottis (also visible in the
VKG data). The reduced amplitude of glottal area wave-
form and lower CQ values indicate hindered vocal fold
vibration. This is further confirmed by the lower F,, re-
duced peak-to-peak values of pressuregioial, and lower
overall airflow values. Still for the female subject, when the
Acapella pressure drops to its minimum (note that the
pressure is still positive in this case, as indicated by the
pressurepeyice data in Figure 3), CQ, Fy, EGG, and GAW
envelopes increase. At this point, the glottal cycle becomes
more efficient, resulting in larger peak-to-peak pressure
values (pressuregioar) Within the vocal tract. The increased
amplitude of vibration during minimum pressurepeyice 1S
also observable in the VKG image. Hence, vocal fold vi-
bration increases when pressurepeyice 1S minimum.
Overall, the same pattern is seen in the data for the male
subjects with pressurepeyice leading airflowpeyice by ap-
proximately 90 degrees. This causes similar modulations of
glottal cycle for the male subjects. However, the phase re-
lationship between pressuregioa and airflowgioa at
maximum and minimum pressurepeyice does not follow the
same pattern as for the female subject. For males, when
pressurepeyice 18 maximum, the phase delay between pres-
sure and airflow is minimum, resembling a resistive system
in which energy is dissipated. When pressurepeyice 1S
minimum, pressuregioa leads airflowgiowal by approxi-
mately 75 degrees changing the impedance of the vocal

tract into inertive. Here, the glottal cycle is aided as it can
be seen by the increased CQ, Fy, and the GAW and EGG
envelopes. However, the peak-to-peak pressuregioua does
not display the same gain as for the female subject.

For both male and female subjects, changes in glottal
cycle are primarily influenced by the pressurepeyice When
maximum pressure makes it harder for the vocal folds to
vibrate while minimum pressurepeyic. values, in comparison,
facilitate the glottal cycle. However, it is interesting to note
the differences between female and male subjects regarding
the likely changes in the acoustic impedance of the vocal
tract during Acapella phonation. When considering the
impact of the maximum and minimum pressurepeyice iN-
stances on the glottal cycle, the female subject exhibits a
transition from a compliant vocal tract (where airflowgiogal
leads pressuregoar), With hindered vocal fold vibration, to a
resistive condition (where airflowgioa and pressuregiogal
are in phase) when larger modulations of pressuregioya and
airflowgouar by the glottal cycle occur. This transition can be
clearly observed by examining the contextualized
pressuregioar signal in the fourth graph from top to bottom
in Figure 3. On the other hand, for male subjects, the vocal
tract impedance appears to transition from resistive (when
pressurepeyice 1 at its maximum and pressuregioua and air-
flowgiotal are in phase) to inertive (when pressurepeyice 1 at
its minimum and pressuregioua leads airflowgiogar). This
indicates that the compliant condition found only in the
female subject led to a greater hindrance of vocal fold vi-
bration. This is evident when looking at changes in pres-
SUreGiogal DY the pressurepeyice Shown in the pressure graph
(fourth from top to bottom) in Figure 3. The variations in
pressuregioal peak-to-peak values are more significant for
females, while the changes are not as extreme for males. As
mentioned before, this difference between males and females
is likely due to the F, being above the first formant for fe-
male subjects, whereas for male subjects, it is likely below
the first formant. This observation is consistent with the
findings in the STP as well, although the values obtained are
less extreme. For a detailed explanation acoustic impedance
refer to Titze, 2001°" or Wolfe 2009.” When visually in-
specting the data, please be aware that the airflowgioal
values obtained for M2 during STP may be unreliable due to
the buildup of humidity in the airflow meter device, which
was noticed only after data collection. For completeness, it
should be noted that our assessments of phase differences
are affected by uncertainty stemming from the fact that
pressure and airflow measurements are not taken at precisely
the same place. The average estimation of this uncertainty is
around 10 degrees, confirming that conclusions about gen-
eral trends and robust phenomena are well supported.

Comparison among water depths for STP and
Acapella

To obtain a more comprehensive understanding of the
differences between Acapella and STP, the entire dataset
was analyzed to identify overarching patterns across the
exercises, encompassing both the Acapella device and STP
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TABLE 2.
Descriptive Data for CQ, Pressure and Airflow Data

Pressurepean Pressurepeyice Airflowpean Airflowpevice ca

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Device [cmH,0] [ecmH,0] [L/s] [L/s] [%]
Acapella 6.82 (0.98) 3.85 (1.03) 0.26 (0.06) 0.43 (0.007) 0.40 (0.01)
STPs cm 3.37 (1.13) 2.49 (0.46) 0.2 (0.04) 0.35 (0.05) 0.34 (0.05)
STP3¢m 3.44 (0.85) 1.58 (0.86) 0.47 (0.03) 0.2 (0.03) 0.24 (0.01)
STP4cm 5.19 (1.48) 2.68 (1.66) 0.36 (0.05) 0.36 (0.06) 0.3 (0.03)
STPs5cm 6.30 (1.63) 1.74 (0.68) 0.22 (0.05) 0.23 (0.06) 0.39 (0.01)
STPscm 7.19 (0.23) 1.7 (0.73) 0.15 (0.024) 0.14 (0.02) 0.47 (0.02)
STPy ¢m 8.18 (0.49) 1.93 (1.57) 0.13 (0.03) 0.16 (0.03) 0.42 (0.03)
STPgcm 9.1 (1.19) 1.73 (0.85) 0.18 (0.06) 0.18 (0.08) 0.43 (0.001)
STPyem 10.3 (1.12) 1.72 (0.92) 0.16 (0.06) 0.02 (0.05) 0.37 (0.02)
STP1ocm 11.3 (1.09) 1.99 (0.71) 0.2 (0.06) 0.18 (0.07) 0.43 (0.01)
STP11¢m 12.6 (0.6) 1.76 (1.26) 0.14 (0.03) 0.15 (0.02) 0.43 (0.05)
STP12cm 13.6 (0.12) 1.12 (0.34) 0.12 (0.12) 0.08 (0.01) 0.45 (0.01)

Notes: The subscripted values related to the depth of water submersion during STP.

Abbreviation: STP, silicone tube phonation.

across water depths ranging from 2 to 12 cm. However, due
to time constraints, certain water depths were not recorded
for M2, with only odd depths (plus 5cm) being captured.
The analysis presented below specifically focuses on the
relationships between pressure and airflow and the valving
mechanism of the vocal folds, as exemplified by measures
of CQ. A summary of the mean values for each variable is
presented in Table 2.

-
o

Mean pressure and airflow relationships among

exercises

Figure 9 illustrates the correlations between the mean
pressures and mean airflows for the Acapella device and
STP at different water depths. A highly significant corre-
lation (r=10.95, P < 0.00) was observed between these
variables for the Acapella device (see Table 3). Significant
linear correlations were also found for STP at 2cm, 5cm

Mean pressure (cmH,0)

(42}

0.0 03

06 0.9

Mean airflow [I/s]

Acapella Ml 4cm M 7cm B 10cm

B 2cm 5cm

8cm 11ecm

3cm M 6cm M 9cm B 12cm

FIGURE 9. Correlation between mean airflow and mean pressure for Acapella and STP, ;5 ¢m. Trend lines and 0.95 confidence intervals

are also displayed for visual support.
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Correlation between
pressurepean and CQ

values
-0.46 (—0.18) [—2.38]

-0.35 (0.005)** [-5.6]
0.02 (0.695) [0.21]
0.49 (0.32) [7.3]
-0.04 (0.88) [-0.19]
-0.17 (0.52) [-0.79]
-0.1 (0.65) [-0.12]
-0.56 (0.06) [-1.47]
-0.3 (0.18) [-0.85]
-0.13 (0.77) [-0.31]
0.06 (0.83) [0.09]
-0.68 (0.06) [—2.04]

R (P-value)

airflowpean and airflowpeyice

R (P-value) [f]
0.93 (0.000)*** [1.24]

Correlation between
0.86 (0.000)*** [0.63]
0.23 (0.58) [0.28]
-0.39 (0.16) [—0.96]
0.88 (0.000)*** [1.05]
0.97 (0.000)*** [0.77]
0.4 (0.07) [0.29]

0.97 (0.000)*** [0.73]
0.88 (0.000)*** [0.81]
0.37 (0.18) [0.28]

0.79 (0.02)* [1.52]

Notes: The subscripted values related to the depth of water submersion during STP. Significant levels: * <0.05, ** <0.01, and *** <0.001.

Abbreviation: STP, silicone tube phonation.

-0.48 (0.33) [-1.31]

0.52 (0.000)*** [0.05]
0.94 (0.000)*** [0.12]
0.66 (0.13) [0.1]

Correlation between
-0.37 (0.2) [-0.09]

airflowpean and
pressurépevice

R (P-value) [B]
-0.75 (0.22) [-0.16]
-0.62 (0.1) [-0.1]
0.7 (0.007)* [0.14]
0.77 (0.014)* [0.05]
0.15 (0.34) [0.00]
0.72 (0.35) [0.17]
0.25 (0.66) [0.01]
0.56 (0.19) [0.08]

Correlation between
pressurepean and
pressurépevice

R (P-value) [B]

0.54 (0.000)*** [1.23]
0.13 (0.75) [0.08]
0.24 (0.64) [0.17]
0.21 (0.46) [0.08]
0.35 (0.17) [0.26]

0.3 (0.4) [0.16]

0.15 (0.53) [0.02]
0.76 (0.003)** [0.23]
0.73 (0.000)*** [0.4]
0.77 (0.02)* [0.28]
0.4 (0.13) [0.09]
0.53 (0.17) [0.41]

R (P-value) [B]

Correlation between airflowpean
Acapella 0.95 (0.000)*** [23.3]

and pressurémean
0.75 (0.03)** [1.93]
0.11 (0.83) [0.36]
-023 (0.49) [-0.64]
0.51 (0.04)** [1.8]
0.3 (0.39) [2.56]
0.34 (0.17) [1.46]
0.74 (0.006)** [1.78]
0.75 (0.001)** [2.83]
0.8 (0.02)** [1.22]
0.85 (0.000)*** [4.72]
0.79 (0.02)** [4.1]

Correlation Values Between Pressure, Airflow, and CQ Datasets

TABLE 3.
Device
STPscm
STP3¢m
STP4cm
STPs5cm
STPscm
STP7¢m
STPscm
STPgcm
STF’1 Ocm
STPH cm
STF’1 2cm

and for depths beyond 8 cm (specific r, p, and f values are
provided in Table 3). While both devices (STP, 55 12cm Of
water) demonstrated a significant correlation between
mean pressure and mean airflow, it is noteworthy that the
rate of change for the Acapella device (represented by the
slope of the regression line and expressed as the beta
coefficient (B) =23.3) was approximately 10 times larger
than that of STP (ﬁmean(2,5,8—120m) =2.62 * 132) This in-
dicates that even small changes in mean airflow can lead to
substantial changes in mean pressure for the Acapella de-
vice, whereas the same level of change in mean airflow has
a lesser impact on mean pressure for STP. The clinical re-
levance of this finding is that it highlights the Acapella
device's capacity to pressurize the vocal tract more effec-
tively, benefiting from larger intraoral pressure, with a re-
duced requirement for increased airflow compared to STP.
As previously reported,”””* the mean pressure for STP is
primarily influenced by the water depth at which the distal
end of the tube is submerged. This additional information
aligns with our findings from the time domain analysis,
where we observed minimal changes in airflow with varia-
tions in pressurepeyice during STP exercises.

Relationships between mean pressure and airflow
values and device-specific pressure and airflow
Furthermore, pressureye., in our data showed a correlation
with changes in pressurepeyiee for both Acapella and STP.
However, significant correlations were observed for STP only
at 8-10cm of water depth (Table 3). Figure 10 illustrates the
relationship between these variables, with marker size in-
dicating normalized airflow values across the dataset. The re-
sults confirm that for the Acapella device, airflowpiean 1S
correlated with pressureyjea,, Which, in turn, is correlated with
pressurepeyice. 1 his information holds clinical significance, as it
suggests that the more a patient blows into the Acapella device,
the greater the overall pressure produced, including static and
peak-to-peak pressure, resulting in a more pronounced mas-
sage effect. Additionally, a stronger relationship between air-
flowpjean and pressureniea, can be observed for greater water
submersion depths with STP. Similar to the relationship be-
tween mean pressure/airflow, the rate of change in pressur-
€pevice Telative to pressurenea, for the Acapella device was
approximately four times greater (= 1.23) than the average
change observed for STP (Pmeans-10cm) = 0.3 = 0.08). Notably,
this calculation only includes significant results for the re-
lationships between mean and device pressures at water depths
between 8 and 10cm (see Table 3). Given the significant re-
lationships observed among airflowpean, pressureyfean, and
pressurepeyice for both Acapella and STPg_jgcm, a direct com-
parison becomes necessary. As previously suggested, a direct
causal link appears likely for the Acapella, where pressureyfean
is determined by airflowpje.,, impacting the flapping me-
chanism of the Acapella and consequently, the pressurepeyice.
Conversely, in STPg jg¢m, as airflowpge,, increases, pressur-
eMean tends to rise until a plateau determined by water sub-
mersion. Airflowyean also affects pressurepeyice through larger
bubbling frequencies and sizes,” exhibiting correlation with
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FIGURE 10. Scatter plot illustrating the relationship between pressurepjean and pressurepeyice values for the Acapella and STP exercises.
Trend lines and 0.95 confidence intervals are included to provide visual support and aid in understanding the data.

this parameter as well. Significant strong correlations were also
found between airflowyye,, and airflowpe,ic. for both Acapella
and STP at depths of 5, 6, 8-10, and 12 cm, confirming the
relationship between input airflow and variations in bubbling
frequency and bubble size, allowing for proportional air vo-
lume release. This mechanism may counterbalance unyielding
pressurepeyice vValues determined by the depth of the silicone
tube submersion. These findings align with Wistbacka,”” who
reported a similar pattern when studying bubbling formation
during STP.
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cQ %]
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Aca;;ella 2<:

Relationships between mean pressure and airflow
values and CQ values

With regards to laryngeal function inferred from the CQ
data, a noticeable trend of CQ increasing with water depth
is observed (Figure 11). CQ values exhibit an increase from
3cm to Scm of water depth, reaching a plateau around
0.43% (Table 2). Comparatively higher CQ values are ob-
served for deeper bubbling phonation (10 cm and deeper)
when compared to lower depths and the Acapella device.
This can be attributed to the increased loading above the
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FIGURE 11. Boxplot of CQ data for Acapella and STP at different water depths.
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vocal folds, resulting in more effortful phonation. Conse-
quently, greater tension is generated in the glottis to
counteract the larger back pressure generated by the water
column. This finding supports clinical practice, which uses
deep bubbling as a means to promote glottal adduction.
Figure 12 illustrates the overall trends in CQ as a function
of pressureyie,, for both devices, with markers indicating
normalized airflow values. Similar patterns are observed for
the correlation between CQ and pressureyje.,, where the re-
lationship is predominantly negative for Acapella and for any
given STP depth. Significant results (Table 3) were found for
the Acapella but not for STP, reinforcing our interpretation
of the stronger effect of Acapella phonation on the vocal
apparatus due to the device’s mechanistic behavior. This in-
terpretation is further supported by the highly significant re-
sults across all correlation analyses for Acapella data in
Table 3. Although significant differences were not reached for
STP, noticeable trends between CQ and pressureyse,, can be
observed for most tube submersions (Figure 12). For Aca-
pella, two possible explanations can be given for the re-
lationship between pressurepe., and CQ. Drops in CQ may
be a byproduct of increments in airflowpse,, that lead to
higher pressure in the vocal tract (ie, higher supraglottal
pressure). This, in turn, would raise intraglottal pressures,
leading to the observed drops in CQ. As such, a back pressure
component of the pressureye., would be the cause of this
negative correlation. Alternatively, specific glottal adjust-
ments related to the valving mechanism of the larynx are
controlling the transglottal airflow to produce the resulting
pressureyean, and therefore this relationship is a direct con-
sequence of controlling the valving mechanism via the CQ.
Both assumptions are possible; however, some insights can
be gleaned from the time domain analysis of the Acapella

exercises (Figures 3, 5, and 7 normalized signals), where the
pressurepeyice tracing (relative to the flapping cycle of the
Acapella device) is preceded by changes in CQ, which are in
phase with the airflowpeyic.. As such, this suggests that the
valving mechanism of the glottis closely regulates airflow
leading to changes in pressure, rendering the second ex-
planation more plausible for the relationship between CQ and
pressurepeyice- Lhis finding is consistent with what is expected
during normal phonation, where the glottis plays a crucial
role in controlling airflow. However, with SOVTE, this re-
lationship may be influenced by increased vocal loading due
to higher impedance in the system, and potential compensa-
tory mechanisms like increased subglottal pressure. For STP,
the relationship between pressureyie,, and CQ is more com-
plex, as CQ increases with tube submersion (related to pres-
SUrépevices, Which is determined by the water depth), but
decreases overall within each water depth (see Table 3 for the
relationships between airflowye,, and pressureyse,, for STP,
which are mainly positive apart from 4 cm). This implies that
regardless of the water depth during STP, increased blowing
through the silicone tube leads to reduced CQ levels. This
finding carries clinical implications, as prescribing regular
bubbling at deeper submersions could enhance glottal ad-
duction, making it suitable for hypofunctional disorders. In
contrast, shallow tube submersions with lively bubbling may
help hyperfunctional disorders, as it promotes lower CQ va-
lues. This can also be achieved using the Acapella with in-
creased airflow, generating larger intraoral pressure and
decreasing CQ while also producing a stronger massage ef-
fect. It is important to bear in mind that our data demon-
strates general trends with considerable variability among
subjects and water depths for STP, which can be attributed to
the limited number of participants in this study.
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Clinical application

Overall, our data revealed that the Acapella device pro-
duces more pronounced effects on the voice, characterized
by larger pressure profiles in the vocal tract and a greater
impact on the glottal cycle. In contrast, STP exhibits higher
variability among subjects and water depths, which is ex-
pected due to the chaotic nature of water bubbling.
Additionally, it appears that airflow plays a significant role
in determining the pressure profiles in the vocal tract for
Acapella, whereas for STP, it primarily relates to low-fre-
quency modulation of pressure and flow associated with
water bubbling, especially at lower submersion depths.
These results are valuable in clinical practice, guiding ex-
ercise selection. The larger modulation of pressure by the
Acapella device can induce more substantial changes in the
vocal tract and glottal parameters, associated with a
stronger massage effect. Consequently, we recommend
employing this exercise approach for the treatment of hy-
perfunctional voice disorders. Conversely, STP can be
utilized to prescribe a specific level of effort based on the
water depth submerged, thereby facilitating better control
over the patient’s effort level. Furthermore, in the case of
STP, deep bubbling can be employed to generate higher
intraoral pressures characterized by larger peak-to-peak
amplitude of oscillations and increased CQ values.
Therefore, individuals with hypofunctional voice disorders
may find therapeutic value in practicing STP exercises at
deeper water depths. Our data also indicates that a massage
effect may be achieved at all levels of water submersion,
making it potentially beneficial for hyperfunctional voice
disorders as well. Additionally, the STP data showed a
stronger correlation between airflowpiean, and airflowpeyice,
regardless of water depth. This suggests that a greater
massage effect may be experienced when blowing harder
into the tube; however, additional data is necessary to fully
validate this point.

LIMITATIONS OF THE STUDY
Despite the valuable insights obtained from this study,
certain limitations must be acknowledged. One significant
limitation is the small sample size, with only three subjects
(one female and two males) participating. This limited
number of participants restricts the scope of the study,
particularly concerning the comparison between male and
female airflowgioa and pressuregioiar  relationships.
Therefore, future studies should investigate this relation-
ship in more detail with a larger and more diverse partici-
pant pool to draw more robust and generalizable
conclusions. The complexity of the data collection, parti-
cularly the need for endoscopy during the exercises, con-
tributed to the difficulty in recruiting suitable participants.
Despite this limitation, we believe that the observed pat-
terns across individuals provide a meaningful representa-
tion of the phenomena under investigation, offering
insightful knowledge about the different impacts produced
by phonation into the Acapella device versus STP. These

findings offer valuable information for understanding the
effects of these devices on glottal function and may guide
further research and clinical applications in the field of
voice therapy.

CONCLUSION

This study aimed to investigate the impact of phonation in
the Acapella device and STP on glottal function and pho-
nation. The findings revealed that the Acapella device
generated more regular and pronounced oscillatory pres-
sure, resulting in clear effects on the glottal cycle, as evi-
denced by changes in CQ, F,, glottal area, pressure, and
airflow modulation. Furthermore, the Acapella device de-
monstrated a strong correlation among variables, in-
dicating that increased airflow resulted in a more
pressurized vocal tract and enhanced pressure modulation.
In other words, the stronger a subject blow into the device,
the more pressure is generated in the vocal tract, leading to
a stronger massage effect. In contrast, STP showed similar
patterns but with higher levels of irregularity and lower
intensity, attributed to the nature of the exercises, where
mean pressure is primarily determined by water depth.

Additionally, the study indicated that for STP, CQ va-
lues increased with deeper water submersion, supporting
the utilization of deep bubbling exercises for glottal ad-
duction. Higher CQ values were observed with lower air-
flow levels compared to higher airflow levels within the
same greater depths of submersion. These results have
potential clinical applications, guiding device selection in
voice therapy. Beyond the scope of this study was a de-
tailed investigation of changes in vocal tract impedance
with slowly changing boundary conditions due to the pre-
sence of the devices. We consider this an interesting di-
rection for future research, especially for numerical
simulations of the vocal tract. Our study has demonstrated
the non-negligible importance of this phenomenon.
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