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Summary: Objectives: The aim of this study was to quantify the effects of traditional and physiological warm-
up exercises and to determine the optimal duration of these methods using acoustic and aerodynamic metrics.
Methods: Twenty-six subjects were recruited to participate in both straw phonation exercises (physiological
vocal warm-up) and traditional singing exercises (traditional vocal warm-up) for 20 minutes each, 24 hours apart.
Phonation threshold pressure (PTP), fundamental frequency, jitter, shimmer, and noise-to-harmonics ratio were
measured before the intervention (m0), as well as after 5 minutes (m5), 10 minutes (m10), 15 minutes (m15), and
20 minutes (m20) of intervention.

Results: PTP decreased significantly after straw phonation and reached a minimum value at 10 minutes
(P<0.001) and remained stable in traditional singing exercises. There were significant differences in fundamental
frequency and shimmer from m0O to ml5 and m20 in the traditional singing group (P=0.001, P=0.001,
P=0.001, and P=0.002, respectively). No significant changes in acoustic parameters were observed after straw
phonation.

Conclusions: Both straw phonation exercises and traditional singing exercises are effective for voice warm-up.
Straw phonation improves the subjects' fatigue resistance and vocal economy, resulting in a reduced PTP, whereas
traditional singing exercises focus on technical singing skills, leading to an improvement of acoustic variables.
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INTRODUCTION

Vocal warm-up, an essential aspect of singing training, is
believed to protect against vocal fold injury in both
untrained and professional singing and speaking voice
users.'” Leading the intrinsic laryngeal muscles through a
series of vocal warm-ups facilitates contraction and effi-
ciency, subsequently preventing or delaying symptoms of
vocal fatigue.’

There are two types of vocal warm-up exercises: (1) tech-
nical or artistic and (2) physiological warm-up.* Technical
or artistic warm-up exercises, also known as traditional
warm-up, have been widely used by singers to optimize
voice placement, breath support, and vocal timbre. On the
other hand, physiological warm-up exercises, including
semioccluded vocal tract exercises (SOVTEs), are tradition-
ally used by speech-language pathologists. SOVTEs aim to
optimize physiological conditions and vocal fold biome-
chanics, improving phonation efficiency and achieving reso-
nant voice. Recently, both types of vocal warm-up are
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being used by singers and speech-language pathologists
alike, as singing teachers become better versed in voice sci-
ence. Similarly, speech-language pathologists are now
guided not only by acoustics and biomechanics but also by
their patients' artistic priorities.”°

Traditional warm-up routines have many variations, but
all involve the basic foundations of (1) body posture align-
ment and relaxation exercises, (2) breathing exercises, and
(3) voice production and placement at different pitches,
registers, and amplitudes.” Approximately 70% of voice stu-
dents strongly agree with the importance of traditional voice
warm-up and believe that such exercises lead to a more
cooperative and flexible voice.” Moreover, it is well known
that several acoustic parameters, including jitter, shimmer,
noise-to-harmonics ratio (NHR), the singer's formant ampli-
tude, pitch perturbation quotient, and fundamental fre-
quency (F0), improved after traditional warm-up.® '’

SOVTE:s include two major methods: single-source exer-
cises (eg, straw phonation and humming) and exercises with
a secondary source of vibration (eg, lip trills and tongue
trills). Several studies have evaluated the effects of straw
phonation across these multiple therapeutic methods. Spec-
tral energy, mean airflow, and oral pressure were found to
improve after straw phonation.''~'* Moreover, Titze has
proposed that straw phonation is efficacious and easily
accessible compared with other progressive exercises.'*

Although vocal warm-up is widely used in the singing
community and is supported by extensive research regard-
ing the physiological effects of different vocal warm-up pro-
tocols, studies have not yet characterized the exposure-
response relationship. There may be an optimal duration of
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warm-up exercises for maximum response and minimum
adverse effects; performing the exercises for less than this
optimal time, or more than this optimal time, may be asso-
ciated with decreased efficacy or voice overuse. Mills et al'”
found that aerodynamic parameters improved significantly
after subjects completed 10 minutes of a phonatory task,
compared with those parameters without significant
improvements after only 1 minute. Thus, Mills et al hypoth-
esized that extended-duration SOVTEs would result in sig-
nificantly greater changes than short-duration tasks.
Additionally, only by taking intervention duration into
account can we compare these two methods and determine
which one is better. In a study comparing traditional warm-
ups and SOVTEs, Duke et al'® did not find a significant dif-
ference in acoustic parameters between 9 minutes of tradi-
tional warm-up and 6 minutes of SOVTE. Portillo et al*
found no significant differences in aerodynamic measures
among subjects who completed traditional warm-up com-
pared with SOVTE. However, Portillo et al's study did not
take into account the potentially unequal exposure-response
relationships of these two methods.

Furthermore, current research regarding vocal warm-up
focuses heavily on professional singers. However, warm-up
exercises will benefit not only the singing voice but also the
speaking voice. These benefits to the speaking voice are
salient for specific occupations, especially teaching and sales
and marketing, which rely on a worker's healthy voice.
These occupations also require frequent and prolonged
voice use, which inherently introduces higher risk of voice
overuse. Thus, there are high incidences of voice overuse
and dysphonia in these populations.'”'® These are popula-
tions that typically do not receive formal voice training but
may benefit from practicing vocal warm-up techniques.

The existing body of research on warm-up exercises has
overwhelmingly emphasized the acoustic measures, which
are related to acquisition of specific singing skills.™'”~*°
There are few published data on the effect on aerodynamic
parameters, which are associated with vocal fatigue man-
agement. Phonation threshold pressure (PTP) is the mini-
mum amount of subglottal pressure required to initiate and
maintain vocal fold vibration.”® PTP varies with vocal fold
thickness, tissue damping, prephonatory glottal width, and
mucosal wave velocity.”” Thus, PTP is influenced by fluctu-
ating physiological states (vocal fatigue’® or dehydration®”),
which makes it one of the most common parameters utilized
in the measurement of vocal health and efficiency.

We sought to quantify the effects of various vocal warm-
up techniques and durations to optimize the warm-up pro-
cess. Moreover, we aimed to determine whether each exer-
cise type preferentially affected skill acquisition or fatigue
resistance, measured by acoustic or aerodynamic parame-
ters, respectively. This was studied in an untrained popula-
tion to eliminate the confounding effects of previous voice
training. We hypothesized that traditional warm-up will
have a significant and measurable influence on vocal acous-
tics, whereas SOVTEs will have significant and measurable
impacts on vocal efficiency.

METHODS

Subjects

This was a prospective, comparative, intrasubject study
approved by the Research Ethics Committee of the Institu-
tion of Eye and ENT Hospital of Fudan University (proto-
col no. 2017031). All subjects provided written informed
consent to participate. A total of 26 subjects (7 men and 19
women) were recruited. All subjects were undergraduate
and graduate students from Fudan University.”” The inclu-
sion criteria were as follows: (1) above the age of 18; (2)
nonsmoking; (3) no history of alcohol abuse; (4) no history
of diagnosed voice disorders or other laryngeal pathology
(polyps, nodules, etc); and (5) no acute respiratory infec-
tions within 2 weeks of the study participation. In addition,
only subjects without any singing training were included to
avoid the confounding effects of previous vocal training
and pre-existing warm-up habits found in professional
singers.

To minimize systemic and vocal fold physiological con-
founders, the subjects were asked to maintain their typical
daily voice use for 24 hours before participation. The sub-
jects were also instructed to meet the daily recommended
water intake to avoid dehydration, to refrain from eating
2 hours before testing, and to avoid foods that may trigger
gastric reflux, such as carbonated drinks, caffeinated drinks,
and spicy food. Female subjects were not tested 3 days
before or after ovulation and menstruation to avoid the
potentially confounding effects of sex hormones. Further-
more, the subjects were not allowed to sing or warm up their
voice before data collection.

Experimental protocol

All subjects performed both traditional singing exercises
and straw phonation exercises (Figure 1). The two sessions
were completed 24 hours apart, at approximately the same
time on two consecutive days. The testing order was ran-
domized to minimize order effects. Both 20-minute exercises
consisted of four 5-minute sessions.

For the traditional exercise condition, each subject was
guided by the video “Vocal Warm-Up Session.”*' An expe-
rienced music teacher also provided an in-person tutorial to
demonstrate each exercise. A warm-up activity began with
gentle stretching. The subjects then transitioned into the
exercise, which involved singing multiple vowels at varying
keys and tempos: (1) ascending and descending stepwise
scales spanning one octave with vowels in legato style, (2)
ascending and descending stepwise scales spanning one-fifth
using vowels in legato style, and (3) ascending and descend-
ing stepwise thirds on a text spanning one half-octave.

In the straw phonation condition, the subjects were
instructed using the video “Ingo Titze's Tip for Tired Voi-
ces: Grab a Straw!” produced by the National Center for
Voice and Speech.”” The subjects phonated into a 19.5-cm-
long straw with a diameter of 6 mm. Each subject practiced
forming an airtight seal with his or her lips then exhaled
through the straw comfortably before attempting sound
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FIGURE 1. Comparison of PTP after straw phonation exercises and traditional singing exercises.

production. The subjects were instructed to phonate with
support from expiratory flow and intra-abdominal pressure
to maintain relaxed neck muscles. Most importantly, the
subjects were required to phonate at a pitch and loudness
that was most comfortable through the straw. The exercises
began with a prolonged note to verify adequate sound pro-
duction and then gradually transitioned to a series of vocal
glides starting very low in the subject's phonatory range,
ascending to the top of their range, and descending gradu-
ally again to the lowest note. After the glides, the subjects
added a number of accents using abdominal support, each
of which produced a temporary alteration in pitch and vol-
ume. Finally, the subjects sang specified melodies, which
were tractable through the straw without neck tension.

Data collection
All the data were acquired at baseline (m0) and after 5 (m5),
10 (m10), 15 (m15), and 20 (m20) minutes of intervention.

The Phonatory Aerodynamic System Model 6600 (Kay-
PENTAX, Montvale, New Jersey) was used to analyze the
aerodynamic parameters. PTP was measured according to
the methods modified by Zhuang et al.** The subjects were
fitted with a face mask with an oral tube inserted 2 cm into
their mouths. For each trial, the subjects were instructed to
speak the syllable /pi/ six to seven times per breath, starting
at a low volume, similar to a whisper, then gradually
increasing the volume until the /i/ sound was clear. The
intraoral peak pressure measured just before a low-volume
stable /i/ phonation was recorded as PTP. The subjects per-
formed three trials; the mean PTP from these three trials
was used for statistical analysis.

The Multi-Dimensional Voice Program Model 5105 (Kay-
PENTAX, Montvale, NJ) was used to compute the acoustic
parameters of FO, jitter, shimmer, and NHR (Figure 2).
Data were recorded using a unidirectional moving-coil
microphone positioned 15 cm from the subject's mouth in a
sound-attenuated room. A sampling rate of 44.1 kHz was

used. The subjects were instructed to say the sustained
vowel /a/ three times at a comfortable pitch and volume.
The subjects took a 5-second break between each of these
three phonations to minimize vocal fatigue. The mean of
these three values was used for statistical analysis.

Statistics analysis

SPSS 20.0 (IBM, Armonk, NY) was used for statistical
analysis. Two-way analyses of variance (ANOVAs) for
repeated measures were performed to compare the main
effects of duration and type of warm-up, as well as the
effects of the duration-type interaction. For between-group
comparisons of aerodynamic and acoustic metrics, ¢ tests
were completed and o was set at 0.05. For within-group
comparisons, two-tailed paired 7 tests were performed for
each coupling of time points to determine if there were any
significant differences based on the duration of the warm-
up. A Bonferroni adjustment yielded & =0.01.

RESULTS
The main effect of the duration on PTP was significant
(P=0.001), as shown in Table 1. ¢ Tests for the duration
effects of SOVTE revealed significant differences between
m5, ml10, ml15, and m20 compared with baseline (mO)
(P<0.001, P<0.001, P<0.001, and P =0.001, respectively;
Table 2). The difference between m10 and m20 was signifi-
cant (P=0.009) (Table 3). However, no difference was
found between m5 and m10 or between m10 and m15. No
changes were observed between any two time points in the
traditional singing exercise group (Table 3). Baseline PTPs
(m0), taken before straw phonation and traditional singing
exercises, were similar; PTP values associated with the two
exercise types significantly diverged at ml0 and ml5
(P=0.032 and P =0.034, respectively), as seen in Table 2.
Two-way ANOVA showed no significant difference in PTP
between SOVTESs and traditional exercises (P =0.102). Yet,
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FIGURE 2. Comparison of acoustic parameters after straw phonation exercises and traditional singing exercises: (A) fundamental fre-
quency, (B) jitter, (C) shimmer, and (D) noise-to-harmonics ratio. Note: The sample size is 26 subjects.

the interaction between duration and type of exercise was
associated with significant changes in PTP (P <0.001)
(Table 1).

For FO, two-way ANOVA testing revealed a significant
main effect of exercise duration (P=0.001) (Figure 2A).
Comparing F0O at each time point showed no difference
between SOVTESs and traditional singing exercises (Table 2).
However, the comparisons of exercise durations showed an
increase in FO between baseline (m0) and 5, 10, 15, and
20 minutes of traditional singing exercises (P =0.0006,
P=0.006, P=0.001, and P=0.001, respectively), whereas
no difference was seen throughout the 20 minutes of straw
phonation exercises (Table 3). For traditional singing, there

TABLE 1.

was no difference found between m5 and m10, m10 and
ml5, or m15 and m20. There was no significant effect of the
type of exercise (P =0.779) or the interaction between dura-
tion and type (P =0.070) (Table 1).

Results for jitter showed no significant main effect of the
duration (P=0.983), no significant effect of the type
(P=0.610), and no interaction between duration and type
(P=0.563) (Table 1, Figure 2B). Comparing each time
point by type of exercise, and jitter measurements between
time points for each type also yielded no significant differen-
ces (Tables 2 and 3).

For shimmer, the main effect of exercise duration was sig-
nificant (P <0.001) (Table 1, Figure 2C). In traditional

General Analysis of Main Effects of Duration, Type, and Duration-Type Interaction for Aerodynamic and Acoustic Varia-

bles, n =26 Subjects

Effect PTP FO Jitter Shimmer NHR

F P F P F P F P F P
Duration 7.003 0.001** 5.983 0.001** 0.069 0.983 6.912 <0.001*%* 2.946 0.021*
Type 2.779 0.102 0.08 0.779 0.263 0.610 0.082 0.776 0.058 0.811
Duration x type 7.494 <0.001%** 2.384 0.070 0.707 0.563 0.434 0.740 0.670 0.614

* P<0.05, ¥**P<0.01.
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TABLE 2.

Intergroup Comparison of Aerodynamic and Acoustic Variables

NHR

Shimmer

Jitter

FO

PTP

TS
0.143+0.019 0.422

SP

TS

SP

TS
1.033+0.516 0.607 4.232+1.620 4.304+1.452 0.866 0.138+0.021

SP
1.116 +0.620

1.105 + 0.566
1.159 + 0.649
1.023 +0.585
1.105 + 0.636

TS

SP
221.074+57.453 216.534+53.017 0.768

220.450+57.296 225.375+53.010 0.749

TS
2.912+0.677 2.868+0.686 0.816

2.489+0.571

Time

m0

m5

1.007+0.516 0.519 4.066+1.496 3.967+1.389 0.804 0.134+0.018 0.138+0.023 0.465

2.820+0.765 0.084

1.016+0.459 0.365 3.929+1.466 3.783+1.325 0.707 0.139+0.024 0.138+0.017 0.815

222.921+59.342 230.350+60.777 0.658
222.319+60.343 230.953+59.898 0.607
226.497 +62.806 232.737 £65.240 0.727

2.430+0.629 2.884+0.840 0.032*
2.447 £0.591

m10

1.096+0.489 0.629 3.688+1.439 3.631+1.260 0.879 0.132+0.017 0.133+0.017 0.851

1.030+0.446 0.623 3.813+1.501

2.902+0.884 0.034*

m15

m20

3.5635+1.279 0.476 0.134+0.015 0.131+0.025 0.568

2.565+0.583 2.941+0.900 0.080

=26 subjects.

Note: n

*P<0.05.

Abbreviations: SP, straw phonation, TS, traditional singing.

singing exercises, the ¢ tests showed significant differences
between baseline and ml5 and m20 (P=0.001 and
P =0.002, respectively), whereas no significant change was
observed over the course of 20 minutes of straw phonation
exercises (Table 3). At each time point, there was no signifi-
cant difference between the two types of exercises (Table 2).
There was no significant main effect of type (P =0.776); no
interaction between duration and type (P=0.740) was
found (Table 1).

Concerning NHR, a significant difference was found in
the main effect of the duration (P=0.021) (Table 1,
Figure 2D). NHR tended to decrease after 15 minutes of
traditional singing exercises (P=0.022 for m0—m1l5 and
P =0.021 for m0—m20) (Table 3). No significant differences
were found throughout 20 minutes of SOVTE (Table 3). At
each time point, there were no significant differences
between the two exercise types (Table 2). There was no
main effect of type and no interaction between duration and
type (P=0.811 and P =0.614, respectively) (Table 1).

DISCUSSION

A review of well-established voice pedagogy programs
reveals voice training has focused overwhelmingly on the
acquisition of specific skills, such as increased control of
voice and reduced subharmonic components, which can be
described by acoustic measures.™'* > Recently, the litera-
ture also discusses vocal fatigue prevention and manage-
ment.'** Vocal fatigue can result from singing without
warm-up or suboptimal habits that introduce extreme laryn-
geal muscle tension.”° Fatigue resistance can be devel-
oped through targeted warm-up or singing activities.” PTP,
the lowest subglottal pressure to initiate and sustain stable
vocal fold vibration, is a measure of vocal efficiency. In
cases of vocal fatigue, vocal efficiency is decreased.”’ This
measure was developed as an adjunct to acoustic parame-
ters, which have been reported to be inconsistent after vocal
loading.”**’

Presently, no agreement has been reached on the optimal
duration of each vocal warm-up method. This determina-
tion is important to prevent insufficient or excessive vocal
warm-up, which may be associated with ineffective warm-
up or vocal fatigue, respectively.”’ Therefore, our study
aimed to quantify the effects of various vocal warm-up tech-
niques and durations to optimize the warm-up process.
Moreover, we aimed to determine whether each exercise
type preferentially affected skill acquisition or fatigue resis-
tance, measured by acoustic or aerodynamic parameters,
respectively. The results in Tables 2 and 3 confirmed our
hypothesis that straw phonation exercises targeted improve-
ments in vocal efficiency and fatigue resistance, whereas tra-
ditional singing exercises focused on Dbetter voice
soundwave quality. Furthermore, 10 minutes of straw pho-
nation is required to reach optimal effects, whereas 20
minutes of traditional singing exercises is associated with
optimal effects.
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TABLE 3.

Intragroup Comparison of Aerodynamic and Acoustic Variables Between Different Time Points

Straw Phonation Exercises

Traditional Singing Exercises

Variables Time (a) Time (b) d(a—b) P d(a—b) P
PTP mO mb5 0.423 £0.071 <0.001** 0.048 £0.094 0.613
mO m10 0.483 £0.094 <0.001%* —0.0164-0.109 0.888
mO0 m15 0.465 + 0.066 <0.001** —0.03440.105 0.745
mO m20 0.348 £0.089 0.001** —0.0724+0.118 0.543
m5 m10 0.060 £0.071 0.408 —0.064 4-0.054 0.251
mb m15 0.042 +0.059 0.481 —0.0834-0.063 0.203
mb m20 —0.07540.062 0.24 —0.1214+0.074 0.114
m10 m15 —0.017 +£0.055 0.754 —0.01940.060 0.754
m10 m20 —0.1354-0.048 0.009** —0.057 4+-0.064 0.379
m15 m20 —0.118+0.056 0.045* —0.03840.046 0.415
FO mO mb5 0.623£3.019 0.838 —8.84142.975 0.006**
mO m10 —1.847 +4.110 0.657 —13.817 +£4.642 0.006**
mO m15 —1.245 4+ 3.404 0.718 —14.4194+3.915 0.001**
mO m20 —5.423 +3.263 0.109 —16.204 +4.272 0.001**
mb m10 —2.471 +3.521 0.489 —4.976 + 3.683 0.189
mb5 m15 —1.869 4+ 2.654 0.488 —5.56784+2.758 0.054
mb m20 —6.046 +-3.044 0.058 —7.3634-4.064 0.082
m10 m15 0.602 +2.522 0.813 —0.603 +3.434 0.862
m10 m20 —3.5676+2.399 0.149 —2.387 +4.002 0.556
m15 m20 —4.178 +2.032 0.050 —1.784 +3.048 0.564
Jitter mO mb 0.0124+0.124 0.924 0.026 +0.073 0.721
mO m10 —0.0424+0.135 0.756 0.017 £0.074 0.821
mO0 m15 0.093+£0.126 0.466 —0.0634-0.101 0.542
mO m20 0.011+0.139 0.936 0.003+0.101 0.974
mb5 m10 —0.054 4+ 0.055 0.355 —0.009 4+ 0.081 0.909
mb5 m15 0.081 £0.086 0.356 —0.08940.078 0.264
mb m20 —0.001 +0.069 0.993 —0.0234+0.100 0.821
m10 m15 0.135+0.099 0.184 —0.080 4 0.082 0.338
m10 m20 0.054 +0.084 0.529 —0.0144-0.094 0.887
m15 m20 —0.0824-0.098 0.409 0.066 +0.085 0.445
Shimmer mO m5 0.165+£0.223 0.467 0.337£0.160 0.045*
mO m10 0.302 +0.263 0.261 0.521 +0.215 0.023*
mO m15 0.543 +0.231 0.027* 0.673+0.189 0.001**
mO m20 0.419+£0.258 0.117 0.769+0.218 0.002**
mb m10 0.137 +:0.151 0.373 0.184 +0.199 0.365
mb m15 0.378+0.179 0.045* 0.336 +0.144 0.028*
mb5 m20 0.254+0.216 0.251 0.431+0.183 0.027*
m10 m15 0.241 +0.159 0.142 0.152 +0.155 0.338
m10 m20 0.116 +0.193 0.552 0.2484+-0.117 0.044*
m15 m20 —0.12440.210 0.559 0.096+£0.133 0.477
NHR mO mb 0.005 £ 0.005 0.384 0.005 £ 0.004 0.194
mO m10 —0.001 +0.004 0.884 0.005 +0.004 0.19
mO m15 0.006 £ 0.005 0.232 0.010£0.004 0.022*
mO0 m20 0.005 £ 0.005 0.332 0.012+£0.005 0.021*
mb m10 —0.005 +0.005 0.31 0.000+0.003 0.893
mb5 m15 0.001 £0.003 0.678 0.005+0.003 0.152
mb5 m20 0.000£0.003 0.990 0.007 £0.004 0.058
m10 m15 0.007 +0.005 0.18 0.004 +0.003 0.216
m10 m20 0.005 £ 0.005 0.336 0.007 £0.004 0.112
m15 m20 —0.00140.004 0.708 0.003+£0.004 0.48

Note: n=26 subjects.
*P<0.05, ¥**P<0.01.

Abbreviations: SP, straw phonation, TS, traditional singing.
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Aerodynamics

Theoretically, vocal warm-up exercises are expected to
increase blood flow and thus decrease muscle or tissue vis-
cosity, which should be associated with decreased PTP.*'
However, several studies assessing the effect of traditional
warm-up on PTP did not show these expected results. No
significant PTP differences were found for comfortable or
low-pitch phonation in 10 soprano singers after 10 minutes
of traditional vocal warm-up.*” Portillo et al* randomized
15 singers into traditional singing exercises for 15 minutes
and found no significant effects on PTP after traditional
singing sessions. No significant difference in PTP was seen
after 20 minutes of traditional singing exercises in McHenry
et al's study.*® Our results are consistent with these findings.
Thus, 20 minutes of traditional singing exercises alone may
be inadequate to affect the blood flow or viscosity of vocal
folds. In addition, it was found that traditional singing exer-
cises combined with aerobic exercises had synergistic effects
on reduced PTP,*’ whereas aerobic exercises alone rarely
influenced subglottal pressure.** This finding further sug-
gests that the combination of aerobic exercise and tradi-
tional singing exercises is synergistic for vocal warm-up,
promoting increased circulation and more effectively
decreasing PTP.

Several modeling studies have elucidated the aerody-
namic mechanisms behind straw phonation. Inertance, one
kind of impedance during phonation, is a positive compo-
nent that produces a time-delayed buildup of supraglottal
pressure and facilitates sustained vocal vibration.
(Figure 3).*>*® Inertance (/) is defined as /= pL/A, where p
is the density of the oral and laryngeal air column, L is its
length, and A is its cross-sectional area.*” Computed tomog-
raphy results from a male classical singer showed that the
velum more completely seals the nasal passage, the larynx
moves more caudally, and the hypopharynx widens during
and after phonation into a tube or straw.'' Phonation
through a tube results in increased inertance and decreased
PTP by altering both the effective length and the distal
cross-sectional area of the vocal tract.'*** In addition,
increased supraglottal pressure and decreased transglottal
pressure were found during straw phonation, which helps
keep the vocal folds slightly abducted, thereby diminishing
the collision force and improving vocal economy during
voice production.'**’

Experiments have been conducted with resonance tubes
in excised larynges, resulting in significant decreases in
PTP.”"" In recent years, declined PTP values were also
found after straw phonation in human beings in limited
research. Significant decreases in PTP were observed in 20
subjects with behavioral dysphonia after 30 minutes of
straw phonation exercise.”” Mills et al achieved decreased
PTP values in normal-voiced subjects after phonation
through a 7.5-cm-length tube.'” Our results were consistent,
showing PTP decline within 5 minutes, reaching minimum
values after 10 minutes, indicating that 5 minutes of straw
phonation exposure might be the most cost- and time-effec-
tive, whereas 10 minutes may result in the best outcome.
Conversely, PTP tended to increase after 10 minutes and
had a significant change across m10—m20 points. This can
be explained by vocal fatigue or dehydration after pro-
longed exercise. Even through a straw, prolonged vocal
activity contributes to increased friction of the vocal folds,
increased heat dissipation, reduced muscle elasticity, and
increased muscle stiffness.’” These events would contribute
to an increase in PTP. This aspect of the exposure-response
relationship might partially explain why some studies did
not show significant results.*'°

Acoustics
Linear acoustic parameters include F0O, shimmer, jitter, and
NHR. FO is influenced by the natural length, elongation,
mass, and tension of the vocal fold. Traditional warm-up
methods increase blood circulation and muscle contractility,
which gives rise to more elastic and elongated vocal folds.”
These physiological changes may explain the significant
increase in FO observed after traditional singing exercises.
Better respiratory control promotes more stable voice
amplitude, reflected by decreasing shimmer. Shimmer varies
with subglottal pressure and glottal resistance.”’ This find-
ing explains why shimmer decreased after traditional vocal
warm-up. Jitter is a similar metric that measures changes in
frequency within a phonatory sample and varies with vocal
fold mass, stiffness, and strain.*’ Yet, unlike shimmer, no
significant difference in jitter was observed after 20 minutes
of traditional intervention. This finding may be because jit-
ter has been found to be relatively inconsistent compared
with other acoustic measures”* and might be confounded by

Impedance
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stimulus and respond

Non-synchronization of
stimulus and respond
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A delay in | T | | Complisnce An advance in
response response
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FIGURE 3. Schematic diagram of acoustic impedance components.
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gender, intensity, and F0.”” In addition, our limited sample
size might be another reason why changes to jitter after tra-
ditional singing exercises were not significant.

NHR, a measure of acoustic noise, is the ratio of noise
and harmonics in a voice sample.”® NHR also significantly
decreased in our study, reflecting a better control of voice.
Improvement of voice perturbation parameters is found to
improve the sound characteristics of a sample, which may
explain the decreased NHR.”’

Of note, most acoustic parameters did not achieve as
many significant differences after straw phonation exercises
compared with traditional singing exercises. This finding
may be because straw phonation tasks restrict jaw and lip
motions; the orbicular muscle of the mouth, the velum, and
the tongue would be relatively rigid in straw phonation
compared with singing.”® Therefore, straw phonation does
not translate well to natural singing. Furthermore, the pat-
tern of straw phonation is relatively monotonous because
the range of voice production and the placement at different
pitches, registers, and amplitude levels were limited. On the
other hand, traditional warm-ups are better suited to practi-
cally, physiologically, and mentally prepare a singer and
thus affect acoustic outcomes.

All subjects in the present study were untrained students
without prior formal singing experience. However, there
may be different exposure-response relationships for various
levels of trained and untrained voice. Future studies should
explore the effect of these two vocal warm-up methods on
the aerodynamic and acoustic variables in subjects of vari-
ous training levels. Moreover, other aerodynamic parame-
ters, including phonation threshold flow (PTF) and
phonation threshold power, should be measured in future
studies. PTF, the airflow required to initiate sustained vocal
fold oscillation, is found to be more sensitive than PTP to
changes in glottal width. Phonation threshold power, which
varies with both PTP and PTF, is another valuable parame-
ter to assess vocal function. Including these variables in
future studies may more comprehensively corroborate these
findings. Based on our study of untrained singers, vocal
warm-up is a cost-effective, noninvasive, and low-risk
approach to improving vocal efficiency and vocal quality in
the general population. Moreover, our results revealed that
both traditional and physiological warm-up exercises were
effective at improving fatigue resistance and singing tech-
nique in untrained singers. Therefore, vocal warm-up
should be made more accessible to the general public, which
will lead to more efficient use and healthier voices.

CONCLUSIONS
Both traditional and physiological vocal exercises are useful
to “warm up” the voice. However, straw phonation empha-
sizes fatigue resistance and vocal economy, resulting in a
reduced PTP, whereas traditional singing practice tends to
focus on the singing skill acquisition, leading to an improve-
ment of acoustic parameters. These results suggest that
these two methods are not interchangeable approaches of

vocal warm-up. Furthermore, the benefits of straw phona-
tion peak at 10 minutes of warm-up, whereas traditional
vocal warm-up takes 20 minutes to achieve a significant
effect, indicating that these methods have different expo-
sure-response relationships. Integrating these two exercises
into one's warm-up routine encourages more successful out-
comes when honing specific aspects of singing technique.
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