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Vibratory function of the vocal folds is largely determined by the rheological properties or viscoelastic
shear properties of the vocal fold lamina propria. To date, investigation of the sample size estimation
and statistical experimental design for vocal fold rheological studies is nonexistent. The current work
provides the closed-form sample size formulas for two major study designs (i.e. paired and two-group
designs) in vocal fold research. Our results demonstrated that the paired design could greatly increase
the statistical power compared to the two-group design. By comparing the variance of estimated treat-
ment effect, this study also confirms that ignoring within-subject and within-vocal fold correlations dur-
ing rheological data analysis will likely increase type I errors. Finally, viscoelastic shear properties of
intact and scarred rabbit vocal fold lamina propria were measured and used to illustrate theoretical find-
ings in a realistic scenario and project sample size requirement for future studies.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Located at the narrowest portion of the upper airway, the
human vocal folds undergo flow-induced, self-sustained oscillation
to generate acoustic output during voice production or phonation
(Titze, 2000). There are three main layers in the vocal folds: the
epithelium, the connective tissue layer called the lamina propria,
and the muscle (Titze, 2000). Human vocal fold mucosa, which
consists of the epithelium and the superficial layer of lamina pro-
pria, is the major vibratory portion during oscillation. Its viscoelas-
tic shear properties or rheological properties critically determine
the vibratory characteristics of the vocal folds since the mucosal
wave propagating on the vocal fold surface layer during phonation
is a shear wave (Chan and Rodriguez, 2008; Chan and Titze, 1999).
Pathological conditions such as vocal fold scarring can cause
changes in tissue rheological properties, leading to dysphonia
(Hansen and Thibeault, 2006; Hirano, 2005; Woo et al., 1994).

Given their defining role in the acoustics and biomechanics of
voice production, knowledge of the vocal fold lamina propria rhe-
ological properties is important for the diagnosis and treatment of
vocal fold disorders. Furthermore, the rheological studies of vocal
fold tissues in pathological states may help in understanding their
etiology. For these reasons, various methods have been developed
to measure the viscoelasticity of vocal fold tissues under shear
deformation (Chan and Rodriguez, 2008; Chan and Titze, 1999;
Jiao et al., 2009; Kazemirad et al., 2014). Evaluation of the lamina
propria rheological properties is also becoming a standard func-
tional test in animal studies of vocal fold wound healing, scarring
treatment, and regenerative medicine (Bartlett et al., 2016;
Hansen and Thibeault, 2006; Kutty and Webb, 2009).

There are two major experimental designs for vocal fold animal
studies. In a paired design, one vocal fold in each animal receives
the experimental treatment, while the other serves as normal or
sham control (Cobell et al., 2006; Rousseau et al., 2004; Thibeault
et al., 2002; 2011; Xu et al., 2010). Alternatively, in a two-group
design, the animals are assigned to either experimental or control
group with both vocal folds of each animal receiving the same
treatment (Choi et al., 2012; Svensson et al., 2011; Thibeault
et al., 2009). In spite of the growing number of studies on rheolog-
ical characterization of human and animal vocal fold tissues, the
determination of sample size and the implication of study design
in statistical inference were rarely mentioned, let alone fully
investigated.

In this study we present the closed-form sample size formulas
for the rheological studies of vocal fold tissues, followed by an
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analytic evaluation of the statistical properties of the paired and
two-group designs. A second objective was to examine the impact
of ignoring data correlations on the outcome of rheological data
analysis. Finally, a rabbit vocal fold model was used to illustrate
theoretical findings in a realistic scenario.

2. Methods

2.1. Statistical derivation based on mixed-effects modeling

2.1.1. The mixed-effects model
Rheological properties of vocal fold tissues are functions of fre-

quency and can be quantified by the complex shear modulus,
which includes an elastic (storage) component—the elastic shear
modulus G0, and a viscous component—the dynamic viscosity g0

(Chan and Titze, 1999). In most rheological tests, a vocal fold spec-
imen is measured multiple times, each at a different frequency.
Such repeated measurements on the same vocal fold tissue gener-
ate intra-vocal fold correlation. Additionally, intra-animal or
human subject correlation exists among measurements obtained
from the left and right vocal folds of the same subject. To include
this hierarchical correlation structure into the vocal fold rheologi-
cal data analysis, we employ the mixed-effects model approach
(Xu et al., 2017; 2018). The mixed-effects model refers to the use
of both fixed and random effects in the same analysis (Laird and
Ware, 1982; West et al., 2014). The within-subject and within-
vocal fold correlations can be accounted for by including subject
and vocal fold random effects in the model (Xu et al., 2017;
2018). The mixed-effects models previously developed for the sta-
tistical analysis of vocal fold rheological properties are summa-
rized in Table 1.

As shown in Table 1, frequency is always one of the fixed effects
in the models because G0 and g0 are functions of frequency. Our
recent study also showed that it was preferable to treat frequency
as a categorical variable (Xu et al., 2018). Another fixed effect is the
treatment effect, for the assessment of possible significant rela-
tionship between tissue rheological properties and a treatment. It
has been demonstrated in multiple publications that on a log scale,
changes in tissue rheological properties due to scarring or vocal
fold injection were largely constant across the test frequency range
(Choi et al., 2012; Hirano et al., 2004; Rousseau et al., 2004;
Thibeault et al., 2002). Thus, treatment effect was assumed to be
independent of frequency, and the interaction term between treat-
ment and frequency was not included in the mixed-effects model
of the present study.

In a typical rheological test, m measurements are obtained on
each vocal fold during the frequency sweep experiment performed
on a total of n animals. Let Yijk be the continuous measurement out-
come obtained at the kth (k ¼ 1; � � � ;m) frequency from the jth
(j = 1 for left and 2 for right) vocal fold of the ith (i = 1,� � �,n) animal.
Yijk were log-transformed in this study to increase their distribu-
tional normality (Xu et al., 2017) and were modeled by a linear
mixed-effects model:
Table 1
Mixed-effects models in previous reports for the statistical analysis of vocal fold rheologic

Application Fixed effects

To compare G0 between human and animal
vocal fold tissues*

Log frequency
Species

To compare g0 between human and animal
vocal fold tissues*

Log frequency
Species

To compare G0 and g0 between paired vocal
folds in rabbit

Frequency (categorical)
Laterality

* Only one vocal fold from each animal or human subject was tested in the study. Th
model.
Yijk ¼ ak þ b1rij þ ci þ nij þ eijk; ð1Þ
where rij takes value 1 or 0 indicating that the jth vocal fold of the
ith animal receives the experimental or control treatment; ak is the
frequency-specific intercept representing the mean value under
control condition at the kth (k ¼ 1; � � � ;m) frequency; b1 represents
the treatment effect, which is the mean difference between the
treatment and control groups; ci and nij are the animal and vocal
fold random effects, respectively; eijk represents the residual error.
ci, nij and eijk are assumed to be independent normal variables with
zero mean and variances r2

c , r2
n , and r2

e , respectively. The null
hypothesis of interest is H0 : b1 ¼ 0 (i.e. there is no treatment
effect).

Eq. (1) can accommodate different experimental designs
through the specification of rij. For instance, ri1 ¼ 1 and ri2 ¼ 0 indi-
cate a paired design where the ith animal receives the experimen-
tal treatment on the left vocal fold while the right vocal fold serves
as control. For the two-group design, ri1 and ri2 always have the
same value: ri1 ¼ ri2 ¼ 1 if animal i is randomly assigned to the
experimental group, or ri1 ¼ ri2 ¼ 0 if animal i is randomized to
the control group.
2.1.2. Closed-form sample size formulas
Eq. (1) suggests that marginally, Yijk follows a normal distribu-

tion with mean ak þ b1rij and variance s2 ¼ r2
c þ r2

n þ r2
e . For mea-

surements obtained from the same vocal fold specimen, the

within-vocal fold correlation is Corr (Yijk, Yijk0 ) = q1 ¼ r2
cþr2

n

s2 for

k–k
0
because they share both random effects ci and nij. For mea-

surements obtained from the same animal but different vocal folds,

the within-animal correlation is Corr (Yijk, Yij0k0 ) = q2 ¼ r2
c
s2 for j–j

0

because they only share the animal random effect ci. Please note
that q1 � q2 � 0 always holds. Measurements are assumed to be
independent among animals.

For the paired design, without loss of generality, we suppose all
animals receive experimental treatment on the left vocal fold
(j ¼ 1), and control on the right vocal fold (j ¼ 2). The treatment
effect b1 can be estimated by

bb pð Þ
1 ¼

Pn
i¼1

Pm
k¼1 Yi1k—Yi2kð Þ
nm

; ð2Þ

where the superscript pð Þ stands for the paired design. bb pð Þ
1 has a

normal distribution with mean b1 and variance

V pð Þ ¼ 2 1þ m�1ð Þq1�mq2½ �s2
nm (see Appendix A).

Given the true value of treatment effect b1 ¼ b10, the sample
size required for a paired design to achieve pre-determined power
(1 � c) at two-sided significance level a can be calculated by:

n pð Þ ¼ 2 z1—a=2 þ z1—c
� �2 1þ m—1ð Þq1—mq2½ �s2

b2
10m

: ð3Þ
al properties.

Random effects Interaction term Reference

Vocal fold tissue sample Species ∙ log frequency Xu et al., 2017

Vocal fold tissue sample No Xu et al., 2017

Vocal fold tissue sample
Animal subject

No Xu et al., 2018

erefore, there was no within-subject correlation to be considered in the statistical
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For the two-group design, let treatment group consist of n1 ani-
mals and control group consist of n2 animals. Note that the total
number of animals in the study is n ¼ n1 þ n2. To simplify notation,
we code the animals such that ri1 ¼ ri2 ¼ 1 for i ¼ 1; � � � ;n1 (treat-
ment group), and ri1 ¼ ri2 ¼ 0 for i ¼ n1 þ 1; � � � ;n (control group).
Then the treatment effect b1 can be estimated by

bb gð Þ
1 ¼

Pn1
i¼1

P2
j¼1

Pm
k¼1Yijk

2n1m
—

Pn
i¼n1þ1

P2
j¼1

Pm
k¼1Yijk

2n2m
; ð4Þ

where superscript gð Þ stands for the two-group design. bb gð Þ
1 is nor-

mally distributed with mean b1 and variance

V gð Þ ¼ s2þ m�1ð Þq1s2þmq2s2
2mn1

þ s2þ m�1ð Þq1s2þmq2s2
2mn2

(see Appendix B). For a

balanced two-group design (n1 ¼ n2 ¼ n=2), the expression of vari-

ance can be simplified to V gð Þ ¼ 2 1þ m�1ð Þq1þmq2½ �s2
nm :

The sample size required for a balanced two-group design to
achieve pre-determined power (1 � c) at two-sided significance
level a can be calculated by:

n gð Þ ¼ 2 z1�a=2 þ z1�c
� �2 1þ m� 1ð Þq1 þmq2½ �s2

b2
10m

: ð5Þ

The sample size formula for unbalanced two-group design
(i.e. n1–n2) is presented in Appendix C. The present study
focuses on the comparison between the balanced two-group
design and the paired design. The conclusion illustrates the
general difference in statistical properties between the two
designs, but the simpler formula for the balanced two-group
design simplifies notation markedly. In the rest of this report,
the term ‘‘two-group design” refers to balanced two-group
design unless otherwise stated.

2.1.3. Comparison of statistical efficiency between paired and two-
group designs

A study design that is able to estimate the treatment effect with
a smaller variance (i.e. greater precision) for a given sample size is
considered to be statistically more efficient. Hence, 1=V pð Þ and

1=V gð Þ represent the efficiency of the paired design and two-
group design, respectively. With all other experimental parameters
being the same, relative efficiency Rð Þ of the paired design to two-

group design is the ratio of 1/V pð Þ to 1=V gð Þ:

R ¼ 1=V pð Þ

1=V gð Þ ¼
1þ m—1ð Þq1 þmq2

1þ m—1ð Þq1—mq2
� 1: ð6Þ
2.1.4. Impact of ignoring intra-subject and intra-vocal fold correlations
A literature search revealed that many previous studies failed to

consider correlations at subject and vocal fold levels during statis-
tical analysis and therefore, mistakenly treated the rheological data
as if they were completely independent. Such practice effectively
sets q1 ¼ q2 ¼ 0 regardless of the experimental design. In this case,

the variance of estimated treatment effect becomes V ið Þ ¼ 2s2
nm ,

where the superscript ið Þ stands for ‘‘independent”. The ratio of

V ið Þ to V pð Þis

V ið Þ

V pð Þ ¼
2s2

2 1þ m—1ð Þq1—mq2½ �s2 ¼ 1
1þ m—1ð Þq1—mq2

: ð7Þ

On the other hand, the ratio of V ið Þ to V gð Þis

V ið Þ

V gð Þ ¼
2s2

2 1þ m—1ð Þq1 þmq2½ �s2 ¼ 1
1þ m—1ð Þq1 þmq2

: ð8Þ
2.2. Application of theoretical findings to a rabbit vocal fold model

A rabbit vocal fold model was used to illustrate the theoretical
results in a realistic scenario because rabbits are one of the most
common animal models in laryngeal research (Bless and
Welham, 2010). Viscoelastic shear properties of 6 pairs of intact
and 4 pairs of scarred rabbit vocal fold lamina propria were mea-
sured with a custom-built rheometer. The empirical data obtained
from these rabbits allowed us to estimate the design parameters
for future studies in similar vocal fold models.

Scarring is amajor cause of dysphonia following vocal fold injury
and remains one of the most challenging voice problems (Hirano,
2005;Woo et al., 1994). By comparing the rheological data between
the scarred and normal vocal folds, the levels of changes in vis-
coelastic shear properties induced by scarring could be determined.

All ten rabbits involved in the study were of the same gender,
breed, age range (22 ± 2.6 weeks), weight range (3.3 ± 0.5 Kg),
and diet. Hence, they were assumed to be from the same popula-
tion. The animals were randomized to the experimental or control
group (i.e. a two-group design). Similar size and age female New
Zealand White rabbits have been used in many vocal fold studies
(Miri et al., 2015; Svensson et al., 2011).

The experimental protocol was approved by the Institutional
Animal Care and Use Committee of the University of Texas South-
western Medical Center, in accordance with the U.S. Public Health
Service Policy on Humane Care and Use of Laboratory Animals, the
National Institutes of Health Guide for the Care and Use of Labora-
tory Animals (NIH Publication 85–23, revised 1985), and the Ani-
mal Welfare Act (7 U.S.C. et seq.).

2.2.1. Normal vocal fold lamina propria specimens
Normal vocal fold samples were harvested immediately post-

mortem from six female New Zealand White rabbits. None of these
rabbits were sacrificed specifically for this study and none of them
received manipulation on the larynges or intubation. Vocal fold
specimens consisting of the epithelium and the lamina propria
were carefully dissected from the larynges using phonomicrosurgi-
cal instruments as previously described (Xu et al., 2017). All spec-
imens were inspected by an otolaryngologist and were free of
visible pathology.

2.2.2. Scarred vocal fold lamina propria specimens
Four female New Zealand White rabbits were included in the

laser induced scarring experiment. Details of vocal fold scar cre-
ation were described previously (Mau et al., 2014). Four weeks
after laser injury, the animals were sacrificed and their vocal folds
harvested.

2.2.3. Rheometric instrumentation and measurements
A custom-built, linear, simple-shear rheometer system (Elec-

troForce Systems Group, Eden Prairie, MN) (Fig. 1A) was used for
the rheometric measurements as previously described (Chan and
Rodriguez, 2008). A custom system was required because there
was no commercial rheometer that could perform linear rheome-
try at frequencies matching the typical fundamental frequency
range of human phonation (100–300 Hz). The system was cali-
brated with a standard ANSI S2.21 polyurethane material with
known viscoelastic properties (Chan and Rodriguez, 2008). The
system was limited by the signal to noise level, which was deter-
mined to be acceptable up to around 250 Hz for vocal fold mea-
surements (Chan and Rodriguez, 2008).

The vocal fold specimens were kept hydrated in phosphate buf-
fered saline solution at room temperature until rheometric mea-
surements were performed, which were conducted within 6 h
postmortem. The specimen was placed between two parallel, rect-
angular acrylic plates and subjected to translational simple shear



Fig. 1. (A) Picture of the controlled-strain, simple-shear rheometer system. Based on the ElectroForce 3200 mechanical test platform, this custom-built rheometer is capable
of valid and reliable measurements of the linear viscoelastic properties at frequencies up to around 250 Hz. (B) A close-up of a rabbit vocal fold sample mounted between the
two parallel acrylic plates. The double-headed arrow indicates the directions of sinusoidal translational shear. A schematic of this experimental setup can be found in Chan
and Rodriguez, 2008.
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(Fig. 1B). The upper tissue plate was attached to the shaft of a lin-
ear motor through an actuator, applying a translational displace-
ment to the specimen at a prescribed frequency and magnitude
with displacement feedback control. A linear variable differential
transformer was used as the displacement transducer to estimate
the shear strain of the sample. The resulting shear force at the
lower plate was measured by a piezoelectric quartz force trans-
ducer (PCB Piezotronics, Depew, NY). Data were processed by a
custom MATLAB program to calculate viscoelastic shear properties
of the specimens. The water at the base of the acrylic environmen-
tal chamber was heated by the heating rod to maintain the ambi-
ent air temperature at around 37 �C with �100% humidity.
Fig. 2. Elastic shear modulus G0 of normal rabbit vocal folds lamina propria (open
symbols, n = 6 animals) and scarred vocal fold lamina propria (solid symbols, n = 4
animals) as a function of frequency. Only upper error bars representing standard
deviations are shown for visual clarity. Scarred tissue samples show significantly
higher values for G0 compared with control tissues, indicating increased stiffness in
shear deformation.
3. Results

3.1. Viscoelastic shear properties of normal and scarred rabbit vocal
folds

Viscoelastic shear properties of the rabbit vocal fold lamina pro-
pria were measured under a small strain (2% or 3%) to ensure
stress-strain linearity (Xu et al., 2017; 2018). For each tissue sam-
ple, measurements were carried out at 15 test frequencies (i.e.
m = 15): 1, 5, 10, 25, 50, 75, 100, 125, 130, 150, 175, 190, 200,
225, and 250 Hz. Elastic shear modulus (G0) and dynamic viscosity
(g0) are plotted in Figs. 2 and 3, respectively. The rheologic proper-
ties of intact rabbit vocal folds were in good agreement with those
of previous studies (Hertegard et al., 2003; Thibeault et al., 2002).
Fig. 3. Dynamic viscosity g0 of normal rabbit vocal fold lamina propria (open
symbols, n = 6 animals) and scarred vocal fold lamina propria (solid symbols, n = 4
animals) as a function of frequency. Only upper error bars representing standard
deviations are shown for visual clarity. Scarred tissue samples show significantly
higher values for g0 compared with control tissues, indicating increased resistance
to shear flow during oscillatory shear deformation.
3.2. Comparison of rheological properties between normal and scarred
vocal folds

As shown in Figs. 2 and 3, variation in G0 and g0 between the
scarred and intact rabbit vocal folds were not perfectly consistent
across the test frequency range. In order to determine whether the
interaction term between treatment effect and frequency was
required for the analysis of the rabbit data, a variable selection pro-
cedure (Xu et al., 2017) was conducted. We found that the
treatment-frequency interaction effects were not statistically sig-
nificant for either log G0 (p = 0.08) or log g0 (p = 0.61). Thus, Eq.
(1) was suitable for the analysis of our rabbit vocal fold data.

Significant differences in G0 (p < 0.0001) and g0 (p < 0.0001)
were found between the scarred and normal vocal folds, with
scarred vocal folds having an average increase of nearly 200%



Table 5
Comparison of variances of estimated treatment effect in a rabbit vocal fold model
(m = 15). V ið Þ—the estimated variance of treatment effect when data correlations are
ignored; V pð Þ—the estimated variance of treatment effect for the paired design;
V gð Þ—the estimated variance of treatment effect for the two-group design.

log G0 log g0

V ið Þ=V pð Þ 0.256 0.581

V ið Þ=V gð Þ 0.154 0.431
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and 350% in G0 and g0, respectively. The magnitudes of increase in
G0 and g0 appeared to be similar to those of 2 months (Thibeault
et al., 2002) and 6 months (Hirano et al., 2004; Rousseau et al.,
2004) postinjury.

3.3. Sample size requirement for detecting different levels of treatment
effects in rabbit

The parameters of covariance (s2, q1, and q2) of the rabbit vocal
fold lamina propria were calculated for both log G0 and log g0 using
the mixed-effects model (Table 2).

Using the data presented in Table 2, sample sizes for future
studies in a similar rabbit vocal fold model can be calculated by
Eqs. (3) and (5). Table 3 presents the sample size estimates to
detect different treatment effects on G0 and g0 for both experimen-
tal designs. The number of measurements per vocal fold was set at
15. It is obvious that a larger treatment effect (b1) is always asso-
ciated with a smaller sample size requirement. According to
Table 3, large increases in both G0 and g0 caused by scarring
(�200%) can be detected using a minimum of 3 and 6 rabbits for
paired and two-group designs, respectively. This confirmed that
the number of animals in our rabbit study (4 experimental, 6 con-
trol) was sufficient for identifying the differences in rheological
properties between the scarred and normal vocal folds.

3.4. Comparison of statistical efficiency between paired and two-group
designs

As shown in Eq. (6), R is always larger or equal to 1 because q2 is
non-negative by definition. The paired design is therefore more
efficient than the two-group design under the same experimental
conditions. Eq. (6) also indicates that a stronger within-animal cor-
relation q2ð Þ will result in a greater relative efficiency of the paired
design to the two-group design while a stronger within-vocal fold
Table 2
s2, q1, and q2 of log-transformed elastic shear modulus G0 and dynamic viscosity g0 for
rabbit vocal fold lamina propria.

Study design parameters log G0 log g0

Variance of Yijk (s2) 0.624 0.349
Intra-vocal fold correlation (q1) 0.300 0.073
Intra-animal correlation (q2) 0.086 0.020

Table 3
Numbers of animals needed to detect different levels of treatment effect b1 on G0 and g0 ,

Level of increase or decrease Pair

G0

50% increase or 33% decrease (b1 ¼ �0:41 on log scale) 21
100% increase or 50% decrease (b1 ¼ �0:70 on log scale) 7
150% increase or 60% decrease (b1 ¼ �0:92 on log scale) 5
200% increase or 67% decrease (b1 ¼ �1:10 on log scale) 3

* Assuming 90% power and 0.05 two-sided significance level. Sample sizes were round
integer for balanced two-group study design.
** Sample size in the two-group design column denotes total number of animals in th

Table 4
Relative statistical efficiency Rð Þ of the paired design to two-group design as a function of m
modulus G0 and dynamic viscosity g0 in a rabbit vocal fold model.

m 6 8

R based on G0 1.52 1.57
R based on g0 1.19 1.24
correlation q1ð Þ is in turn associated with a smaller relative effi-
ciency. R also depends on the number of measurements (m), as
shown in Table 4.

By comparing Eqs. (3), (5), and (6), we can conclude that
R ¼ n gð Þ=n pð Þ, which indicates n gð Þ � n pð Þ because R � 1. As shown
in Table 4, when m = 15, a two-group design requires 66% and
35% more rabbits to obtain the same statistical power compared
to a paired design in order to detect changes in G0 and g0, respec-
tively. The theoretical efficiency gains of the paired design may
translate slightly differently into practice because the animal num-
bers are rounded up to the nearest integer for paired design, and to
the nearest larger even integer for balanced two-group design
(Table 3).

3.5. Issue of ignoring intra-subject and intra-vocal fold correlations
among rheological data

For the two-group design, it is obvious that V ið Þ

V gð Þ � 1 as shown in
Eq. (8). For the paired study design, the influence of ignoring data
correlation is not as straightforward and it depends on the values

ofm, q1, and q2. Eq. (7) shows that V ið Þ

V pð Þ � 1 when q2
q1

� m�1
m . In reality,

it is uncommon to observe q2
q1

> m�1
m , which requires r2

c � m� 1ð Þr2
n

or that the variability at the subject level is (m� 1) times greater
than that at the vocal fold level. This was confirmed by our rabbit
vocal fold rheological data: q2

q1
equaled to 0.287 for log G0 and 0.274

for log g0, respectively. Both were much smaller than m�1
m , which is

0.933 when m = 15. Thus, we can conclude that ignoring the corre-
lations almost always results in an under-estimated variance of
treatment effect. In rabbit, the variance of treatment effects will
be under-estimated by 42–85% if the within-animal and within-
vocal fold correlations are ignored (Table 5). Such severely
respectively, of rabbit vocal fold lamina propria (m = 15)*.

ed design Two-group design**

g0 G0 g0

5 34 8
2 12 4
1 8 2
1 6 2

ed up to the nearest integer for paired study design, and to the nearest larger even

e study.

(total number of measurements taken on each vocal fold specimen) for elastic shear

10 12 15

1.61 1.63 1.66
1.27 1.31 1.35
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under-estimated variances for the treatment effect will lead to
greatly inflated type I errors (i.e. the risk of incorrectly declaring
a significant treatment effect when there is none). Eqs. (7) and

(8) also indicate that V ið Þ=V gð Þ decreases with m, q1, and q2, while

V ið Þ=V pð Þ decreases with m and q1 but increases with q2.

4. Discussion

Rheological studies of vocal folds can benefit considerably from
statistically designed experiments because experimental design
has a major impact on sample size requirement. Correctly calcu-
lated sample sizes ensure experiments are adequately powered
to detect treatment effect while avoiding wasting of resources.
Using the mixed-effects model approach, the current work repre-
sents the first attempt to address the statistical implications of
experimental designs for rheologic testing of vocal fold tissues.
Closed-form formulas presented in this study enable researchers
to estimate required sample size based on study design, number
of planned measurements on each tissue sample, and parameters
of covariance. We also found that if the correlations among rheo-
logical data are ignored during statistical analysis, type I errors will
be substantially inflated. Although it was previously noted that the
widely used regression-fitting methods are not suitable for the sta-
tistical analysis of data generated from repeated measurements
(Xu et al., 2017; 2018), the current study demonstrated for the first
time exactly how such inappropriate statistical methods affect the
outcome of vocal fold rheological data analysis.

Our results indicated paired design could provide substantial
gain in statistical power compared to two-group design. On the
other hand, the benefits of a reduced sample size must be weighed
against the potential limitations of using a paired design especially
when it may be impractical or unattainable.

Treatment effect was assumed to be independent of frequency
during statistical derivation and the assumption was validated by
our rabbit vocal fold data. Thus, the sample size estimation formu-
las and conclusions about the two designs hold regardless of the
frequency range of rheological measurement, which varies
depending on the rheometer used in specific studies. On the other
hand, significant frequency dependency of other causal effects
such as species has been reported (Xu et al., 2017). Future studies
of how the test frequency range might affect sample size estima-
tion and statistical power are warranted.

As a final note, although a larger sample size enables research-
ers to find smaller differences statistically significant as demon-
strated in Table 3, the differences found may be less scientifically
meaningful. For this reason, researchers should exercise caution
when determining the sample size and have a prior idea of what
they would expect to be a scientifically meaningful difference.

5. Conclusions

This is the first study aimed to help researchers optimize statis-
tical efficiency for the rheological studies of vocal fold tissues. A
major finding of the present work was that the paired design could
provide substantial gain in statistical power compared to the two-
group design. Based on the mixed-effects model approach, closed-
form formulas were derived for sample size estimation. We also
found that ignoring correlation during vocal fold rheological data
analysis will lead to inflated type I errors, which is the declaration
of significant treatment effect when it does not exist. Lastly, our
results indicated that with proper study design and data analysis
methodology, a very small sample size (i.e. n = 3) is sufficient for
detecting the large differences in G0 and g0 between scarred and
normal vocal folds in a rabbit model.
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Appendix A. Calculation of V pð Þ

Note that:
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Thus, the variance of bb pð Þ
1 can be calculated:
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Appendix B. Calculation of V gð Þ

For general randomized two-group study design:
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For balanced randomized two-group study design in which

n1 ¼ n2 ¼ n=2:
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Appendix C. Sample size formula for unbalanced two-group
design

Let r
� ¼ n1

n1þn2
indicate the proportion of subjects being assigned

to the treatment group. Equation (B.1) can be rewritten as:

V gð Þ ¼ s2 þ m� 1ð Þq1s2 þmq2s2
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It follows immediately that the sample size formula for unbal-
anced two-group design is:

n gð Þ ¼ z1�a=2 þ z1�c
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