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3.3 HEHERL

3.3.1 Evaluation of Basic Medical Curriculum Integration Based on the Training

of Chinese Excellent Category Doctors ( EiEHE)

Medical
Communication

Biosc.Biotech.Res.Comm. Vol 14 No (1) Jan-Feb-March 2021 Pp 08-11

ABSTRACT

The traditional discipline-centered teaching mode is no longer adapt to the changes of current medical modes and the
social demand for medical services owing to disjointed from clinical practice, knowledge separation and lack of connection
between basic medical courses and clinical medical courses. Therefore, China has implemented the National Excellent
Doctor Training plan and vigorously promoted the integrated reform of clinical medicine curriculum. In this study we
compared the change of teaching effect between reform class and control class. We randomly selected 1 class from the
G-year clinical medicine major to carry out a series of pilot teaching reforms with curriculum integration, and at the
same time, 1 class was selected for parallel control. Then the effect of the reform was evaluated from the aspects of test
scores and 6-STATION OSCE. Student achievement and clinical skills are effectively improved through the integration of
basic medical courses. The results showed that student achievement and clinical skills are effectively improved through
the integration of basic medical courses It is concluded that we further need to integrate the various foundational and
clinical disciplines into an organ-system based curriculum for the National Excellent Doctor Training plan.

KEY WORDS: CURRICULUM INTEGRATION, BASIC MEDICAL CURRICULUM, MEDICAL EDUCATION, DISCIPLINE-CENTERED
TEACHING MODE.

INTRODUCTION

Under Flexner's influence, medical curricula around the
world came to be structured into: Preclinical medicine
learned in lecture theatres, laboratories, dissecting rooms,
libraries and Clinical medicine learned in wards and
operating theatres of teaching hospirals. Since the 1950,
medical colleges in Europe and The United States have
proposed and implemented the teaching reform featuring
the integration of medical curriculum. Curriculum
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integration involves the organization of teaching to
interrelate or unify subjects frequently taught in separate
academic courses or departments (Harden, et al. 1984,
Scheffer, et al. 2012 Seethe and Khan 2019),

Most of the medical colleges in China are following the
traditional system that is teacher centered, discipline
based and opportunistic. With the development of global
medical education and interdisciplinary integration, the
maodel of Chinese medical education has also changed in
the past decade. There were some defects in the traditional
medical education pattern such as overlapping content
of teaching, more time span, students learning burden,
and comprehensive ability between various disciplines.
Integration is an important means of dealing with
overload of information, fragmented teaching of basic
and clinical sciences, and the need for relevant and
meaningful learning (Yamani and Rahimi 2016).

In this study, we have analyzed the problems in the process
of integrated medical foundation course, and then really

29
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broke the barriers between disciplines, and integrated
the systematic anatomy, histology and embryology,
physiology, pathology, pathophysiology, pharmacology
to "Two Introduction and Multiple Systems”. We put
forward the training of clinical ability, which is helpful
to realize the training of students’ clinical in the whole
process of medical education. It is of great significance
to realize the educational goal of "early clinical, multiple
clinical and repeated clinical” and improve the training
quality of medical talents.

MATERIAL AND METHODS

This study was granted an exemption by our Institutional
Review Board since it evaluated outcomes of an existing
mandatory component of the curriculum. We made an
analysis the current research about the integration of
basic medical courses based on published literature, and
then carry out empirical research on medical colleges and
universities that have integrated their courses, so as to
provide scientific theoretical guidance and reference for
the subject research.,

Description of course integration: Six basic medical
courses including systematic anatomy, histology and
embryology, physiology, pathology, pathophysiology and
pharmacology were selected as the subjects of course
integration. The knowledge content of subject was
decomposed into "knowledge points” to form "granulated
resources”. Guided by the cultivation of clinical thinking
ability, the "granulated resources” will be centered on
"organ-system”, and the systematic teaching content
will be reintegrated and reconstructed to form a modular
curriculum system of "Two Introduction and Multiple
Systems”. Two Introduction is an introduction to human
body form and function and the Multiple Systems are the
respiratory system, circulatory system, digestive system,
urinary system, blood system, nerve system, endocrine
system, sensory system and reproductive system.
According to the relevant requirements and procedures
of the curriculum standards, the curriculum standards
of the integrated curriculum were formulated. Then we
organized the research team to compile "Introduction to
human body morphology and mechanics” and 9 "organ-
system” modules as case textbooks.

Teaching implementation of basic medical curriculum
integration: In the five-year clinical medicine class of
2015, a 36-person pilot class for teaching reform was
established based on the principle of mutual selection
between the two sides, and other classes of the clinical
medicine undergraduate course were taken as the
control group. The pilot class of educational reform
was organized for teaching according to the integrated
teaching contents of basic medical courses, while the
control group was taught according to the current talent
training program. The teaching reform pilot class was
taught based on integration of “teaching of early clinical
probation™ and the integrated course of basic medicine
to form the idea of early clinical probation.

The process of "setting questions, seeking answer and
basic clinical combination” was designed and directly
applied to teaching. The teaching mode combining case-
based teaching and PBL teaching was adopted to carry
out teaching based on suitable early internship cases
and combined with PBL or CBL teaching. The goal of
the implementation of special teaching was to cultivate
students’ clinical thinking ability and improve students’
ability to solve practical problems. The teaching methods
of the control group were carried out according to the
discipline-centered methods.

Evaluation of teaching effect: The teaching reform
pilot class adopts the method of formative evaluation,
summative evaluation and comprehensive evaluation.
In the teaching process, the formative evaluation
was highlighted, and the existing problems in the
learning process are fed back to the students in time.
The formative evaluation runs through the whole
teaching activity. After the teaching activity of each
course is finished, the summative evaluation based on
comprehensive and case questions was adopted. After the
learning of all the integrated courses of basic medicine,
the comprehensive evaluation of learning effect was
carried out by means of the basic stage assessment of
simulated clinical practitioners. In addition to formative
evaluation, summative evaluation and comprehensive
evaluation were carried out in both the teaching reform
class and the control class. The summative evaluation
and assessment contents are generally consistent, but
the teaching reform class was assessed according to the
integrated curriculum, and the control class was assessed
according to the unintegrated curriculum. Comprehensive
evaluations were conducted in the same manner.

OSCE setting: A comprehensive 6-station OSCE was
administered to the teaching reform and control class of
five-year clinical medicine class of 2015. The examination
was conducted after the clinical practice. The assessment
of clinical skills includes the following aspects: Patient
care skills, Interpersonal and communication skills,
Professionalism skills, Practice-based learning and
improvement skills, Systems-based practice skills and
Medical knowledge skills; The OSCE consisted of 6
clinical problems; each clinical problem consists of six
core competencies defined by the Accreditation council
for Graduate Medical Education (ACGME]) (Yang, et al.
2011).

Standardized patients should be used as a reference in the
specific assessment. At each station, the summary scores
were the sum of all the checklist items, and the six core
competency sub scores were the sum of specific items
for each competency. When presented, all scores were
translated into 100 percentages. Please refer to the article
of Yang et al. for more details (Yang, et al 2011).

Statistical analysis: All data were processed by SPSS 18.0
(SPSS Inc., Chicago, IL, USA). All data were presented as
mean + standard deviation. Comparison between groups
was conducted using single-factor ANOVA followed by
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Tukey's test. P<0.05 indicated significance, and P<0,01
indicated extreme significance.

RESULTS AND DISCUSSION

We have a teaching reform pilot class size of 36 students
per year and control class size of 47 students. The students
of teaching reform pilot class studied "Two Introduction
and Multiple Systems™ and the students of control class
studied Six basic medical courses. Biochemistry and
molecular biology as a comparative analysis course are
taught in every class (see Table 1).

Average score (75.25) not including Biochemistry and
molecular biology in teaching reform pilot class was
higher than that (71.63) in control class. And however,
Biochemistry and molecular biology was lower than
that in control class. This results showed our teaching
reform increased students’ score. Next, the score of
teaching reform pilot class and control class was further

Wei et al,,

analyzed based on Biochemistry and molecular biology
as a comparative analysis course are taught by same
teacher. The calculating method is Relative performance=
[Teaching reform subject , ! Biochemistry and
malecular biology score) [ (Traditional subject F—
ud Biochemistry and molecular biology score). The
results from Figure 1 showed that relative performance
in teaching reform pilot class was higher than that in
control class.

Analysis of OSCE: In Figure 2, a significant difference
in the performance between different aspects ol core
competency (p < 0.05) was noted. Teaching reform pilot
class had the higher pass rate in the aspect of Practice-
based learning and improvement skills (83%), Systems-
based practice skills (75%) and Medical knowledge skills
(91%), whereas the lower pass rate was noted in the
aspect of professionalism (52%). Interestingly, teaching
reform pilot class had the higher pass rate in the 0SCE
than that of control class.

Table 1. Average score in teaching reform pilot class and control class

Class Students Course Semester  Average

number score

Teaching 36 Introduction to Human Morphology 1,2 7.3

reform pilot Introduction to human mechanics 2 67.47

class Respiratory system 3 77

Digestive system 3,4 81.72

Circulatory system 3 68.25

Blood system 4 76.72

Urinary system 4 79.94

Sensory system 4 79.83

Nerve system 5 73.19

Endocrine system 5 75.25

Reproductive system 5 77.11

Biochemistry and molecular hiology 2 7.8

Control 47 Systematic anatomy 2 51.98

Class Histology and embryology 3 76.36

Physiology 3 73.09

Pathology 5 78.47

Pathophysiology 5 72.3

Pharmacology 5 77.55

Biochemistry and molecular biology 4 77.91

In 1989, Shoemaker proposed a concept about integrated
curriculum that is "Education that is organized in
such a way that it cuts across subject matter lines,
bringing together various aspects of the curriculum
into meaningful association to focus upon broad areas
of study (Betty 1989)." To this day, there is an ongoing
discussion about whether medical curriculum should be
discipline based or integrated. Abraham Flexner thought
that students should first learn basic and biomedical
sciences and then move to clinical sciences; however, a
common criticism of this approach was that students
would not see the relevance of basic and biomedical
sciences applied to clinical practice, and it was preferable

to encourage students to think as doctors from the day
they enter medical school (Harden 1986).

Integration of medical curriculum was importance for
medical education because basic science learning was
placed in the context of clinical and professional practice
and was considered by students to be more meaningful
and relevant (Quintero, et al. 2016). After a discussion of
the health-illness concept, we constructed a theoretical
basis of this process that changed our traditional
discipline-based learning perspective. The meaning of
the health-illness process changed was defined as a
social, cultural, biological, and psychological process
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embedded and determined socially and culturally by
group of human beings (Fanwei, et al. 2019).

Figure 1: Relative performance in teaching reform pilot
class and control class
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Figure 2: Overall pass rate (%) of each domain of ACGME
competency and overall OSCE
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As this approach implies that society and culture are
no longer simply risk or etiological factors, our medical
curriculum had to evolve into a new structure based on
a "Two Introduction and Multiple Systems™ concept of
health and illness.In this study we randomly selected 1
class from the 5-year clinical medicine major to carry
out a series of pilot teaching reforms with curriculum
integration, and at the same time, 1 class was selected
for parallel control. Then the effect of the reform was
evaluated from the aspects of test scores and 6-STATION
0OSCE. The results showed that student achievement
and clinical skills are effectively improved through the
integration of basic medical courses,

CONCLUSION

The results demonstrated that student achievement
and clinical skills are effectively improved through the
integration of basic medical courses, We need further to
integrate the various foundational and clinical disciplines
into an organ-system bhased curriculum for a better
National Excellent Doctor Training plan (China).
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ensures the orderly operation of the science of sports medicine integration; Clinical decision support system
realizes the primary link of physical and medical integration; The community scientific fitness guidance system
provides a scientific practice basis for the fitness of community residents. and the active health technology of
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medicine has heen formed, which provides new thinking and new models for the integration of sports and medicine
from theory to practice, and promotes the development of new forms of integration of sports and medicine.
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Effects of 16-week balance training on standing balance ability in children with cerebral palsy Wang Jiangna . Yang
Tingnuan, Mao Min . et al. College of Sports and Health . Shandong Sports University . Jinan 250102, China

[ Abstract]

trol ability in cerebral palsy children. Methods: Fifty participants with gross motor functional dysfunction level [

Ohjective: To investigate the effects of 16-week balance intervention training on standing balance con-

aged 7-12 years old were recruited and randomly divided into obhservation group (n=25) and contral group (n=25),
Both groups were given the regular training. and observation group was subjected to 16-week balance training addi-
tienally. The Berg balance scale. and static and dynamic balance ability tests were performed before and after inter-
vention. respectively. Results; After 16-weck treatment. compared with pre-intervention. there were significant
differences in the functional Berg balance scores, and static balance and dynamic balance ability variables in both
groups before and 16 weeks after interventions (P=20, 03), Aflter interventions. there was significant difference be-
tween ohservation group and control group in the maximal sway digplacement of center of pressure (CoP) in anteri-
or-posterior direction/mediaklateral direction with eyes open and closed condition, length and envelope area of CoP
with eyes open ( P=20. 05}, dynamic balance score, max rotation speed and average rotation speed (P<20,05), Con-
clusion: Both 16-week balance training and regular rehahbilitations could improve the balance control ability and re-
duce the falling risk in cerebral palsy children. Compared with the regular rehabilitation. the balance training can im-
prave the static and dynamic standing balance ability more effectively.

[Key words]  halance training: children with cerebral palsy; postural control
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4.8.1 Increasing the amount of phosphoric acid enhances the suitability of

Bradford assay for proteomic research (EJFEL)
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Research Article

Increasing the amount of phosphoric acid
enhances the suitability of Bradford assay
for proteomic research

The Bradford assay is one of the most commonly used methods for protein quantification.
However, in proteomic research, the lysis buffer generally used for dissolving proteins can
cause some interference to the assay. The dye reagent of classical Bradford assay contains
8.50% (w/v) phosphoric acid, which is an important factor relating to the color yield of the
assay. In this study, the phosphoric acid content in dye reagent was increased to 9.35%
(w/v), 10.20% (w/v), and 11.05% (w/v) to evaluate the changes of interference and the
effects of lysis buffer on the interaction between proteins and dye reagent. Results show
that lysis buffer not only causes background interference but also affects the protein—dye
chromogenic process. Analysis of different components in the lysis buffer showed that
carrier ampholyte is the main factor that introduces interference to the Bradford assay.
Detergents are well-known interfering compounds in the Bradford assay, but CHAPS and
octyl b-D-glucopyranoside only cause slight interference. When the amount of phosphoric
acid was increased from 8.50%(w/v) to 10.20% (w/v), the sensitivity of the Bradford assay
to proteins in lysis buffer was increased, and the interference delivered by lysis buffer was
considerably reduced.

Keywords:
Bradford assay / Carrier ampholyte / Lysis buffer / Phosphoric acid / Two-
dimensional electrophoresis

1 Introduction

Protein quantification is important for unbiased comparison
of electrophoretograms in comparative proteomic analysis.
Many methods are available for protein quantification [1, 2],
including Kjeldahl method [3], ultraviolet absorption
method [4], Biiiret assay [5], Lowry assay [6], bicinchoninic
acid assay (7], and Bradford assay [8]. Among these methods,
the Bradford assay is simple, rapid, cheap, sensitive, and
comparably compatible with the lysis buffer, which is widely
used in 2DE experiments for dissolving proteins [9-12].
Additionally, a modified Lowry method from Peterson is
compatible with the lysis buffer for 2DE [13].

Although the Bradford assay has some advantage over
other colorimetric protein assays in 2DE experiments, the
interfering effects of lysis buffer cannot be ignored. Lysis
buffer must contain large amounts of detergents, carrier am-

Correspondence: Dr. Qinglu Wang, Key Laboratory of Biomedical
Engineering & Technology of Shandeng High School, Qilu Medi-
cal University, Zibo 255300, P. R. China

Fax: +86-533-2829166
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Abbreviations: DDM, n-Dodecyl B-D-maltoside; GE, Gen-
eral Electric; NP-40, Nonidet P-40; OGP, octyl b-D-
glucopyranoside

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

DOI 10.1002/elps.201800430

pholytes, and urea to increase the solubility of proteins. These
compounds can interact with the Coomassie dye and produce
a remarkable background interference to the quantification
process [10]. Numerous research works on the interference
of lysis buffer have been conducted [14-16], but only a few
focus on the reduction of the interference.

The Bradford assay is based on the binding of CBB
G-250 to proteins, which results in a protein-dye complex
with increased molar absorbance at 595 nm [8]. The dye
reagent in the original method comprises 0.01% (w/v) CBB
G-250, 4.75% (v/v) ethanol, and 8.50% (w/v) phosphoric acid.
Among these components, phosphoric acid is a major fac-
tor because it regulates the protonation degree of the CBB
G-250 molecules [17). Insufficient phosphoric acid results
in large numbers of unprotonated dye molecules, whereas
an excess of phosphoric acid complicates equilibrium dis-
placement due to the excess protons [18]. Some researchers
have found that decreasing the phosphoric acid concentration
could increase the absorbance and decrease the variability in
the chromogenic responses of different proteins [17,19,20].

In routine protein quantitation processes, increasing the
content of phosphoric acid in the dye reagent was found to
lower the interference of lysis buffer. Therefore, the phe-
nomenon was systematically investigated by augmenting the
contentof phosphoricacid to different proportions. The result
demonstrates that the increase in phosphoric acid not only
reduces the interference of lysis buffer but also increases the
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sensitivity of the Bradford assay to samples containing lysis
buffer, making the Bradford assay more compatible with 2DE
experiments. In addition, the interfering effect of different
kinds of carrier ampholytes and detergents was analyzed.

2 Materials and methods
2.1 Main reagents and equipment

BSA and vy-globulin were obtained from Roche Ap-
plied Science (Roche Diagnostics (Shanghai) Limited,
Shanghai, China). Ovalbumin, urea, thiourea, octyl b-D-
glucopyranoside (OGP), n-Dodecyl B-D-maltoside (DDM),
CBB G-250, Triton X-100, DTT, Nonidet P-40 (NP-40), and
CHAPS were purchased from Sigma-Aldrich (Sigma-Aldrich
Shanghai Trading Co Ltd, Shanghai, China). Pharmalyte
(pH 3-10 and pH 5-8), ampholine (pH 3.5-10 and pH
4-6), and IPG buffer (pH 4-7) were obtained from GE
Healthcare (General Electric Co. (China), Shanghai, China).
All chemicals used were of analytical grade or the best grade
available. The H,0 used in this paper refers to Milli-Q water.

2.1.1 Dye reagent

CBB G-250 (100 mg) was dissolved in 50 mL 95% ethanol. A
total of 100, 110, 120, or 130 mL of 85% (w/v) phesphoric acid
was added to this solution. The resulting solution was diluted
to a final volume of 1 L with H,0 and immediately filtered.
The dye reagent was stored in brown bottles. For convenience,
the dye reagent with 100, 110, 120, or 130 mL of 85% (w/v)
phosphoric acid per liter was designated as Dye (8.50%), Dye
(9.35%), Dye (10.20%), and Dye (11.05%), respectively.

2.1.2 Lysis buffer

The standard urea/thiourea lysis buffer [21], which contains
7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 2% (w/v) DTT,
and 2% (v/v) pharmalyte (pH 3-10), was used. The buffer
was aliquoted into Eppendorf tubes (1 mL/tube) and stored
at —20°C before use.

2.1.3 Standard solutions of proteins

Three kinds of protein solutions (BSA, ovalbumin, and ~y-
globulin) were used as standard, all at a concentration of
1 mg/mLin H,0. The protein concentration in the standard
solutions was determined spectrophotometrically based on
the absorbance at 280 nm of 1 mg/mL solution of BSA, oval-
bumin, and y-globulin in 1 cm light path, resulting in 0.66,
0.75, and 1.35, respectively [22]. These solutions were also
aliquoted and stored frozen at —20°C.

The absorbance of all samples was measured using
a Shimadzu dual beam path spectrophotometer UV-1800
(Shimadzu Corp., Kyoto, Japan).

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.2 Methods

2.2.1 Measurement of the interaction between lysis
buffer and different dye reagents

Certain amounts of lysis buffer (20, 40, 60, 80, and 100 pL)
were pipetted into test tubes (15 x 100 mm, the same below).
The volumes in the test tubes were adjusted to 100 wL with
H,O. Then, 5 mL of Dye (8.50%) was added to each test
tube and were mixed by shaking. After incubation for 5 min,
the absorbance at 595 nm (OD595nm) was measured in 3 mL
cuvettes against a reagent blank prepared from 100 uLof H,O
and 5 mL of Dye (8.50%). The same process was repeated with
the three other kinds of dye reagents.

2.2.2 Sensitivity evaluation of the Bradford assay to
standard proteins with or without lysis buffer

Solutions of BSA at the concentrations of 0.20, 0.40, 0.60,
0.80, and 1.00 mg/mL were prepared, and 100 pL of each
of the preceding solutions was added to a test tube with
5 mLof Dye (8.50%). After 5 min, OD595nm was measured in
3 mL cuvettes against a reagent blank prepared from 100 wL
of H,0 and 5 mL of Dye (8.50%). When evaluating the effect
of lysis buffer on the interaction between the dye and pro-
teins, the same process as above was performed, except for
the addition of 100 WL of lysis buffer to the reagent blank and
the standard protein sample group. The same performance
was repeated using the two other kinds of standard proteins
(ovalbumin and y-globulin) and the three other kinds of dye
reagents (Dye (9.35%), Dye (10.20%), and Dye (11.05%)).

2.2.3 Evaluation of the interference of the individual
components in lysis buffer

Solutions containing only one component of the lysis buffer
were prepared in H,0. The concentrations of individual com-
ponents were the same as these in the lysis buffer. Sample
volumes were all 100 pL, and the measurement process was
the same as indicated above.

3 Results and discussion

3.1 Effect of phosphoric acid on the interference
of lysis buffer

Lysis buffer contains large amounts of interfering substances,
and at least one of these compounds interferes with the Brad-
ford assay [22]. Phosphoric acid is a key component in the dye
reagent of the Bradford assay [17,19, 20]. The relationship be-
tween the interference of lysis buffer and the content of phos-
phoric acid in the dye reagent has not been studied. Results
shown in Fig. 1 demonstrate that the increase in phosphoric
acid concentration in the dye reagent could markedly reduce
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—+—Dye(8.50%)
0.50 —u—Dye(9.35%)
—a—Dye(10.20%)
Y Dye(11.05%)
g
= 0.30
w,
R
E 0.20
g
0.10
0.00

20 40 60 80 100 120
Lysis buffer content (pL)

Figure 1. Interaction of different amounts of lysis buffer with dye
reagents containing different amounts of phosphoric acid. (A)
Sample volumes were all 100 pL. (B) Different volumes of lysis
buffer were adjusted to 100 pL with H;0. (C) Absorbance at 595
nm (OD595nm) was measured in 3 mL cuvettes against a reagent
blank prepared from 100 pL of H.O and 5 mL of corresponding
dye reagent. d) The values represented the X+ s of OD595nm for
three replicate samples.

the OD595nm of lysis buffer. When using Dye (10.20%) or
Dye (11.05%), the interference of lysis buffer drops to only 20
or 13% of that using the Dye (8.50%), respectively, indicating
that the increase in phosphoric acid improves the compati-
bility of the Bradford assay with chemicals in the lysis buffer.

3.2 Effect of phosphoric acid on the sensitivity
of the Bradford assay

Sensitivity to proteins is another important factor that must
be considered for evaluating a dye reagent in protein quan-
tification. The sensitivity of different dye reagents to various
kinds of standard proteins without the interference of lysis
buffer is first examined. As shown in Fig. 2, with the increase
in the content of phosphoric acid, the sensitivity of the Brad-
ford assay decreases with all three kinds of standard proteins.
When phospheric acid constitutes 11.05% of the dye reagent,
the absorbance for all three standard proteins drops to ap-
proximately half of the value obtained with the original dye
reagent Dye (8.50%). Guo [23] also reported that the sensitiv-
ity for BSA decreases as the concentration of phesphoric acid
in the dye reagent increases from 6.80 to 13.60%.

When lysis buffer is added to the protein-dye system,
with the increase in phosphoric acid content in the dye
reagent from 8.50% to 11.05%, the OD595nm for all three
standard proteins first rises then drops, as illustrated in
Fig. 3, which is quite contrary to the patterns in Fig, 2. The
dye reagent containing 10.20% of phosphoric acid shows the
highest OD595nm, which indicates the highest sensitivity
to proteins. The result from Figs. 2 and 3 indicates that ly-
sis buffer not only introduces some background absorbance
reading but also affects the complex formation between CBB
G-250 and proteins.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Interaction of different standard proteins with dye
reagents containing different amounts of phosphoric acid with-
out the interference of lysis buffer. (A) Sample volumes were all
100 pL. (B) Absorbance at 595 nm (OD595nm) was measured
in 3 mL cuvettes against a reagent blank prepared from 100 pL
of H,0 and 5 mL of corresponding dye reagent. (C) The values
represented the x & s of 0D595nm for three replicate samples.

Notably, when interacting with a certain kind of dye
reagent, the OD595nm of different standard proteins at a cer-
tain concentration is quite different. BSA is extensively used
as a standard in protein quantification because it is cheap and
readily available in a pure form. The two other commonly
used standards are ovalbumin and y-globulin. The results il-
lustrated in Figs. 2 and 3 show that all the three standard pro-
teins display similar trends in the change of sensitivity with
the increase in phosphoric acid in the dye reagent in the ab-
sence or presence of lysis buffer, However, a large difference
in the sensitivity exists among different standard proteins,
with BSA as the most sensitive and -y-globulin with the least
sensitivity. Several studies have reported the importance of
lysine and arginine residues in the binding of CBB G-250 to
proteins [24-27]. The diverse amino acid composition may be
the cause of different sensitivities among BSA, ovalbumin,
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Figure 3. Effect of lysis buffer on the interaction of different stan-
dard proteins with dye reagents containing different amounts of
phosphoric acid. (A) Sample volumes were all 100 pL. (B) Ly-
sis buffer (100 pL) was added to the standard protein samples
and the reagent blank. (C) Absorbance at 595 nm (OD595nm) was
measured in 3 mL cuvettes against a reagent blank prepared from
100 wL of H,0, 100 pL of lysis buffer, and 5 mL of corresponding
dye reagent. (D) The values represented the X+ s of OD595nm
for three replicate samples.

and +y-globulin. Accordingly, providing a clear indication of
the standard proteins used, which was not performed in most
related literature, is essential.

One of the functions of lysis buffer is the denaturation
of proteins, which extends the structure of proteins and ex-
poses amino acids, completing the complex formation be-
tween CBB G-250 and proteins. This phenomenon may be
the reason for the enhanced sensitivity of proteins due to lysis
buffer; however, the exact mechanism must still be further
researched. The theory [18] that excessive amount of phos-
phoric acid, which supplies an excess of protons and dis-
turbs the equilibrium displacement, may be an appropriate
explanation for the lower sensitivity in Dye (11.05%) than that
in Dye (10.20%) in Fig. 3.
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Figure 4. Interference of different components in the lysis buffer
to the Bradford assay. (A} Sample volumes were all 100 pL. (B)
The concentrations of individual components were the same as
those in the lysis buffer. (C) Absorbance at 595 nm (OD595nm)
was measured in 3 mL cuvettes against a reagent blank prepared
from 100 pL of H,O and 5 mL of corresponding dye reagent. (D)
The values represented the x + s of OD595nm for three replicate
samples.

As shown in Figs. 2 and 3, regardless of what kind of
standard protein is used, the OD595nm of the same amount
of protein without the effect of lysis buffer is remarkably dif-
ferent from that with lysis buffer. The result suggests that the
effect of lysis buffer should be considered when constructing
a standard curve for quantitating protein samples containing
lysis buffer; otherwise, the measured value will have a large
deviation.

3.3 Interference of individual components
in lysis buffer

Denaturants, detergents, reductants, or other chemicals are
generally utilized in 2DE experiments for denaturing pro-
teins or enhancing their solubility [10]. The aforementioned
results demonstrate that Dye (10.20%) has a considerable ad-
vantage in quantitating 2DE samples because it can lower the
interference of lysis buffer and increase the sensitivity of the
Bradford assay. However, the compatibility of Dye (10.20%)
with all or only some of the constituents in the lysis buffer
remains unknown. Therefore, the interference of individual
components of the lysis buffer was studied using Dye (8.50%)
and Dye (10.20%).

Figure 4 shows that the interference caused by 7 M urea,
2 M thiourea, 4% (w/v) CHAPS, or 2% (w/v) DTT is little and
does not change much in Dye (8.50%) and Dye (10.20%). By
contrast, the interference of 2% (v/v) pharmalyte (pH 3-10)
remarkably reduces with the increase in phosphoric acid in
the dye reagent.

According to the instructions of the manufacturer
(e.g., Handbook 80-6429-60AC, GE Healthcare), in 2DE
experiments, protein samples loaded onto IPG strips should
be prepared in lysis buffer containing various kinds of
carrier ampholytes (pharmalyte reagents, ampholines, or
IPG buffers). Pharmalyte (pH 5-8), ampholine (pH 3.5-10),
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Table 1. Interference of different carrier ampholytes and
detergents to the Bradford assay

Category Reagent name Absorbance at 595 nm

Dye (8.50%)  Dye (10.20%)

2% (v/v) carrier  Ampholine (pH 3.5-10) 0.126 4 0.004 0.011 + 0.001
ampholytes ~ Ampholine (pH 4-6) 0.113 4+ 0.004 0.010 + 0.001
Pharmalyte (pH 3-10) ~ 0.421 4 0.004 0.104 + 0.002

Pharmalyte (pH 5-8) ~ 0.479 4 0.005 0.122 & 0.002

IPG buffer (pH 4-7) 0.425 + 0.003 0.083 £ 0.003

4% (v/v) CHAPS 0.047 4 0.002  0.040 + 0.001
detergents  Triton X-100 2466 + 0.007 2.502 + 0.006
NP-40 2456 + 0.004 2.486 + 0.004

0GP 0.009 + 0.002 0.015 £ 0.002

DDM 1.736 + 0.003 1.498 + 0.004

a) Concentrations of different kinds of carrier ampholytes and
detergents were the same as those in the lysis buffer.

b) Sample volumes were all 100 pL.

c) Absorbance at 595 nm was measured in 3 mL cuvettes against
a reagent blank prepared from 100 pL of H,O and 5 mL of the
corresponding dye reagent.

d) The values represented the X+ s of OD535nm for three
replicate samples.

ampholine (pH 4-6), and IPG buffer (pH 4-7) were also
examined to check whether some other kinds of carrier
ampholytes have a similar response as that of pharmalyte
(pH 3-10). As expected, the result showed that these carrier
ampholytes have similar response as pharmalyte (pH 3-10)
(Table 1), that is, Dye (10.20%) is more compatible with
these carrier ampholytes than Dye (8.50%).

The data in Table 1 also illustrated that interference
effects of ampholine (either pH 3.5-10 or pH 4-6) are
much smaller than those of pharmalyte (either pH 3-10
or pH 5-8). Carrier ampholytes are a heterogeneous mix-
ture of synthetic polymers incorporating a variety of acidic
and basic buffering groups. The net charges of ampholyte
molecules partly depend on the pH of the environment [28].
When the concentration of phosphoric acid increases, the dye
reagent becomes more acidic, and more ampholyte molecules
have a net positive charge. The interference of carrier am-
pholytes is reduced probably because ampholyte molecules
with a net positive charge do not easily bind with dye
molecules.

The incompatibility of detergent- or surfactant-
containing samples with the Bradford assay is commonly
recognized [2]. Bradford reported that 0.1 mL of 1% Triton X-
100 or 1% SDS could present abnormalities that are difficult
to overcome [8]. Non-ionic detergents, such as Triton X-100,
NP-40, and DDM, are found to have interfered severely with
the assay using either kind of dye reagent (Table 1), which is
consistent with what Bradford found. OGP is also a non-ionic
detergent applied to isoelectric focusing and 2DE [29] but has
almost no interfering effect on any dye reagent. The interfer-
ing effect of CHAPS, a kind of zwitterionic detergent, is also
small. When quantitating 2DE samples with the Bradford

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Proteomics and 2-DE 5

assay, selecting proper carrier ampholytes and detergents,
which can meet requirements for research and also interfere
as little as possible, is better to obtain accurate quantification
results.

4 Concluding remarks

Based on the aforementioned results, the optimized dye
reagent recipe for 2DE samples is as follows: 0.01% (w/v)
CBB G-250, 4.75% (v/v) ethanol, and 10.20% (w/v) phospho-
ric acid. The dye reagent is made by dissolving 100 mg of
CBB G250 in 50 mL of 95% (v/v) ethanol. The solution is
then mixed with 120 mL of 85% (w/v) phosphoric acid and
made up to 1 L with distilled water. Then, the reagent should
be filtered and stored in an amber bottle at room temperature,
remaining stable for several weeks. The alternative quantifi-
cation protocol contains three parts. First, a standard curve in
the range of 0-100 pg standard protein is constructed. The
addition of 100 pL of lysis buffer to the standard protein sam-
ples and the reagent blank must be ensured. Second, practical
2DE samples are quantitated by pipetting 100 L of practical
sample and 5 mL of dye reagent to a test tube and mixing well
by inversion or shaking. After incubation for 5 min, the ab-
sorbance at 595 nm of the mixtures can be measured against
the reagent blank prepared from 100 wL of lysis buffer and
5 mL of dye reagent. Finally, the protein concentration is cal-
culated according to the standard curve. If the calculated pro-
tein concentration exceeds 1 p.g/uL, then assay is performed
for a range of dilutions.

Overall, by increasing the amount of phosphoric acid in
the dye reagent from 8.50 to 10.20% (w/v), the interference
of lysis buffer is effectively reduced, and the relatively highest
sensitivity of the Bradford assay is realized in quantitating
2DE samples, making the Bradford assay more compatible
with 2DE experiments. The decrease in the interference
caused by carrier ampholytes is the main reason why
increasing the proportion of phosphoric acid can evidently
reduce the interference of lysis buffer. The selection of
proper standard protein and less interfering components
and the addition of lysis buffer in the construction of a
standard curve are important factors to be considered for
an accurate 2DE protein sample quantification, which is
essential for subsequent electrophoretogram analysis and
loading quantity references among different researchers and
laboratories.
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Abstract

unless soundly validated,

Background: RNA sequencing (RNA-Seq) has been widely applied in oncology for monitoring transcriptome
changes. However, the emerging prablem that high variation of gene expression levels caused by tumor
heterogeneity may affect the reproducibility of differential expression (DE) results has rarely been studied. Here, we
investigated the reproducibility of DE results for any given number of biological replicates between 3 and 24 and
explored why a great many differentially expressed genes (DEGs) were not reproducible,

Results: Our findings demonstrate that poor reproducibility of DE results exists not only for small sample sizes, but
also for relatively large sample sizes. Quite a few of the DEGs detected are specific to the samples in use, rather
than genuinely differentially expressed under different conditions. Poor reproducibility of DE results is mainly
caused by high variation of gene expression levels for the same gene in different samples. Even though biclogical
variation may account for much of the high variation of gene expression levels, the effect of outlier count data also
needs to be treated seriously, as outlier data severely interfere with DE analysis.

Conclusions: High heterogeneity exists not only in tumor tissue samples of each cancer type studied, but also in
normal samples. High heterageneity leads to poor repraducibility of DEGs, undermining generalization of
differential expression results. Therefore, it is necessary to use large sample sizes (at least 10 if possible) in RNA-Seq
experimental designs to reduce the impact of biological variability and DE results should be interpreted cautioushy

Keywords: RNA sequencing, Differential expression, Heterogeneity, Reproducibility, Qutlier, Tumor

Background

RNA-Seq has become an indispensable tool for
transcriptome-wide analysis of differential gene expres-
sion in oncology to elucidate the mechanism of tumori-
genesis and metastasis [1-3]. Due to the high cost [4]
and the advantage of low technical variation [5-7] of
RNA-Seq technology, many RNA-Seq experiments were
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performed with very small sample sizes, even with no
replicates, but broader biological statements have been
drawn on these experiments, discounting the influence
of biological variability [8-10].

Extensive genetic intertumoral and intratumoral het-
erogeneity has long been recognized [11-14]. High gen-
etic heterogeneity may greatly affect differentially
expressed gene (DEG) detection in RNA-seq analysis
and therefore undermine the reliability of differential ex-
pression (DE) results. However, the impact of tumor
heterogeneity on the reliability of DE results obtained
from RNA-seq data has rarely been studied.
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Scientists of a biotechnology firm had tried to confirm
published preclinical research findings related to their
research, but they were shocked to find that the best-
known scientific findings from cancer biology were con-
firmed in only 6 cases out of 53 [15, 16]. Poor reproduci-
bility of ovarian cancer microRNA profiles has also been
reported [17]. The findings above reveal the severity of
the reproducibility problem in cancer research, which is
probably caused by tumer heterogeneity. As drug devel-
opment relies heavily on literatures, the problem of irre-
producible data may increase the costs of drug
development along with the number of late-stage
clinical-trial failures [15]. Since RNA-Seq has been used
extensively in cancer research, it is urgent to study the
potential effect of tumor heterogeneity on the reliability
of DE results in RNA-seq analysis.

Normally, it is arduous for researchers to verify their own
or other people’s findings due to the difficulty of sampling
and limited budget. However, with the help of public large-
scale projects which have plenty of samples, such as the
Cancer Genome Atlas (TCGA) [18], reproducibility verifi-
cation of DE results is possible. RNA-Seq data in TCGA
database have been extensively employed in studies for un-
derstanding genetic changes in tumors [19-23].

In this work, the raw RNA-Seq count data for the
three cancer types that have the most samples, namely
breast cancer (BRCA), kidney renal clear cell carcinoma
(KIRC), and lung adenocarcinoma (LUAD), were ob-
tained from TCGA database. First, we investigated the
reproducibility of DE results among the four repeated
differential expression analysis, each using totally differ-
ent samples, for any given number of biological repli-
cates between 3 and 24. Then, we investigated the
detection power depending on the number of biological
replicates. Finally, we explored why a great many DEGs
were not reproducible. All DE analyses were performed
using edgeR [24], the most popular R package for DE
analysis of RNA-Seq data [9]. The edgeR tool has been
proved to have superior specificity and sensitivity as well
as good control of false-positive errors [9, 25-27].
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Results

Number of DEGs depending on the number of biological
replicates

As shown in Fig. 1, just in terms of quantity, it seems
that the more biological replicates used, the more DEGs
will be identified. All the three curves in Fig. 1 show an
increasing dynamic, but the rate of increase seems to di-
minish after around 10 biological replicates. It can also
be inferred from the error bars that the number of DEGs
for a given number of biological replicates generally dif-
fers greatly.

Reproducibility of DE results among the four repeats for

a given number of biological replicates

As is shown in Fig. 2a, ¢, and e, for a given number of
biological replicates, the number of reproducible DEGs
is much less than the mean total number of DEGs, and
the more repeats being performed, the lower the number
of common DEGs becomes. The results indicate the
poor reproducibility of DE results, which can be clearly
seen from the changes of overlap rate in Fig. 2b, d, and f
as well.

Both the number of common DEGs and the overlap
rate increase with the elevated number of biological rep-
licates, but the increasing rate slows down after around
10 biological replicates. For all three cancer types stud-
ied, the overlap rates among four repeats are all below
40% for the maximum number of biological replicates,
and the percentage drops to below 10% for 3 biological
replicates, which implies that the DE results for relatively
large sample sizes are not reliable, and the reliability of
DE results for small sample sizes are even poorer.

The evolution of power depending on the number of
biological replicates

As it is difficult to choose one repeat to represent the
four repeats for any given number of biological repli-
cates, the common DEGs (intersection) and all detected
DEGs (union) of the four repeats were used to calculate

BRCA KIRC LUAD
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6000 : "F ) 000 + X aa E 6000
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¥ E - /
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Fig. 1 The relationship between the mean number of DEGS and the number of biclogical replicates. The maximum biological replicate numbers
vary depending on the total sample numbers for each cancer type in TCGA. The values represent the M £ 5D of the number of DEGs for any
given number of biological replicates
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the power and intersection/union ratio (see the “Mate-
rials and methods” section).

As shown in Fig. 3a, b, and ¢, for each cancer type,
when the number of biological replicates is between 3
and 10, both the number of DEGs and the power of the
intersections grow rapidly, but the increasing rate is
quite slow after about 10 biological replicates, which is
similar to the trend of overlap rate in Fig. 2. As to the
unions in Fig. 3d, e, and f, the number of DEGs and the
power has similar trends with those of the intersections,
but the two indicators reach plateaus faster than those
of the intersections do.

The low power of DEG detection for small sample
sizes can also be seen from the three curves in Fig. 3a, b,
and c. For instance, the power of intersection for 3 bio-
logical replicates was below 16% for all three cancer

types (as low as 6 % for LUAD), which means that more
than 84% of the DEGs in the referential intersection can-
not be detected using 3 biological replicates. Our find-
ings clearly reveal that using more biological replicates is
not only desirable but needed to improve the DE detec-
tion power using RNA-Seq.

As shown in Fig. 3a—f, both the intersection and the
union for a given number of biological replicates contain
some specific DEGs (i.e., DEGs that do not match with
the reference), which means that the DEGs obtained
using large sample sizes do not necessarily include all
the DEGs obtained using small sample sizes.

As can be seen in Fig. 3g, h, and i, for any given num-
ber of biological replicates, the number of DEGs of the
union is far larger than that of the intersection, which
indicates that most of the DEGs detected in the four
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Table 1 Detailed %CV, Log,FC, and FDR values for the 10 non-

repeats for a given number of biological replicates are
common DEGs in BRCA

specific to the samples studied, rather than “true” DEGs

for the tumor and normal tissues of each cancer type. Gene  Repeatll Repeat il

This effect is much more intense for small sample sizes, symbol o Log,FC FDR et Log.FC FDR

which also reflects the poorer reproducibility of DE re- N T N T

sults obtained using small sample sizes. Esp 122 167 814 009 115 115 —671  380E_12
SGCG 138 241 -032 085 234 116 738 270E-10

Dispersion of normalized read counts for non-common

DEGs DCcT 186 307 -04% 078 152 83 479 B40E-09

The results above demonstrate that a large number of ~ APCDD! 70 201 057 049 45 84 257 144E-08

DEGs for one repeat are not DEGs for another and these  Dff6 71 300 -061 068 54 143 391 462E- 08

DEGs are referred to as non-common DEGs in this  grjga2 53 43 —253  334F-00 208 99 — 107 018
paper. Although non-common DEGs have also been  n.5: g3 o5 250 1i2F-08 o1 155 138 007
found in previous literatures [9], 1he- cause of the non- IBE-0B X7 184 —147 016
common DEGs has rarely been investigated before.

Ten non-commeon DEGs in repeat II and repeat III for 225E-08 60 178 038 076
10 biological replicates in BRCA were used as examples 847 141E-07 93 313 -266 008

FOXIT 59 200 -597
FGFI0 63 91 327
e 92 430

to illustrate the phenomenon, as shown in Table 1.
Among the ten genes, IBSP, SGCG, DCT, APCDDI, and
DPP6 were identified as DEGs only in repeat III, while

Capital letters “T" and “N” represent the tumor group and the normal group of
each repeat, respectively. The numbers of biological replicates in either tumor
groups or normal groups are 10, %CY indicates the percent coefficient

of variation
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SLCI6A3, CDH23, FOX]1, FGF10, and BMP5 were iden-
tified as DEGs only in repeat II. The %CV, Log,FC, and
false discovery rate (FDR) values for the 10 non-
common DEGs in KIRC and LUAD are shown in Sup-
plementary Table 51 and 52, respectively.

As shown in Table 1, the values of FDR for these
genes are all smaller than 2 x 10°7 when they are DEGs,
which definitely means that they are, statistically, signifi-
cant DEGs between the tumor and normal group, even
if a threshold of 0.0001 is applied to control the FDR.
Even so, the ten genes are not identified as DEGs in the
other repeat. The result indicates that statistically signifi-
cant DEGs are not as reliable as commonly believed.

In order to explore the reasons behind the non-
common DEGs, we analyzed the dispersion of normal-
ized read counts of these genes for some clues. As
shown in Table 1, more than half of the %CVs are above
100. On the whole, there are many more %CVs over 100
in the tumor groups than in the normal groups, with
three %CVs in the tumor groups even higher than 300,
which probably means that gene expression levels in
tumor groups have greater variability than those in nor-
mal groups. As CV is the ratio of the standard deviation
to the mean, the high %CV reflects great dispersion of
normalized read counts. In DE analysis, the high disper-
sion of read counts for a given gene can cause
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remarkable changes to the values of log,FC and FDR
and sometimes may even lead to opposite results. The
high variation of expression levels for the same gene in
different samples may be the main cause of the poor re-
producibility of DE results.

In addition, we noticed in Table 1 that 4 out of the 10
non-common DEGs have opposite regulating trends in
different repeats, ie., upregulated in one repeat, but
downregulated in the other, as demonstrated by the
values of Log,FC. By checking the Log;FC values of the
3079 common DEGs between repeat II and III, we found
that 35 of them (about 1.14%) also show opposite regu-
lating trends, which indicates that the common DEGs
are not reliable either,

It is clearly shown by the boxplots in Fig. 4 that outlier
counts commonly exist in both the tumor and the nor-
mal groups, which is also true for the non-common
DEGs in KIRC (Supplementary Figure 51) and LUAD
(Supplementary Figure 52). Combining the read count
dispersion in Fig. 4 with the %CV values in Table 1, we
find that the high %CVs are mainly caused by the outlier
counts, especially the extreme outliers. By excluding the
outlier counts from analysis, 8 out of the 10 non-
common DEGs become common DEGs, but the
remaining 2 are still non-common DEGs, which implies
that the problem of non-common DEGs can be partially

-
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Fig. 4 Dispersion of normalized read counts for the 10 non-common genes in BRCA, Mild outliers (mere than 1.5 I0R’s from the box, indicated
by a circle) and extreme cutliers (mare than 3 I0R's from the box, indicated by an asterisk] are shown. The number beside the marker shows the
normalized read count value of the point. Rl and RINl refer to repeat Il and repeat Ill, respectively. Capital letters *T and "N represent the tumor
L groug and the normal group, respectively. IOR indicates the interguartile range )
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resolved by excluding the outliers from analysis. We also
confirmed that the opposite regulating trends of the 4
genes described above can be corrected by excluding
outlier counts from analysis.

Discussion

The results above are based on the RNA-Seq data of hu-
man tumor and adjacent normal samples. Nevertheless,
the issue of low reliability of DEGs for very small sample
sizes has also been found in studies using RNA-Seq data
from mouse [28, 29|, Saccharomyces cerevisiae [10], and
tomato [9], which implies that the problem of reproduci-
bility is common in RNA-seq analysis.

The maximum number of biological replicates studied
here is already much larger than recommended in the
literatures [9, 10], but still a large proportion of the
DEGs detected are irreproducible. While results ob-
tained using 3 biological replicates for each condition in
experimental designs are generally accepted as reliable,
our results show quite the opposite, at least in cancer re-
search using RNA-Seq.

As shown in Table 1 and Fig. 4, outlier counts, espe-
cially the extremes, account for much of high variation
of expression levels. It should be emphasized that outlier
counts are commonly scattered in different samples, ra-
ther than focused in one sample, in which case the out-
lier counts can be eliminated by excluding the aberrant
sample. As DE analyses with small sample sizes are more
susceptible to outliers, the poor reproducibility of DE re-
sults for small sample sizes is understandable.

The authenticity of outlier counts is beyond the scope
of this research. Nevertheless, figuring out whether the
extreme counts are true or not is the prerequisite to
properly deal with them. The popular edgeR [24] takes
raw read counts as input and provides its own
normalization approach [30] but does not handle the
outlier counts. Given the enormous influence of outliers
on DE analysis, the problem of outlier counts should be
properly addressed in future versions of edgeR.

Since low technical variation is one of RNA-Seq's po-
tential advantages [5-7], most of the variations might be
attributed to biological variations which can be reflected
in extensive genetic intertumoral and intratumoral het-
erogeneity [11-14]. Biological variation, unlike measure-
ment error, cannot be reduced with technology
improvements, but can only be measured by considering
expression measurements taken from multiple biological
samples within the same group [8]. Therefore, large
sample sizes should be considered when designing RNA-
Seq experiments for DGE detection to reduce the effect
of biological variability. However, based on our findings,
it is impossible to determine an optimal number of bio-
logical replicates which can guarantee all detected DEGs
are reliable for a given RNA-Seq experiment, but
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approximately at least 10 replicates per condition should
be used to achieve relatively high reproducibility and de-
tection power.

One goal of DE analysis in cancer research by RNA-
Seq is to identify and catalog expression of new or alter-
native transcripts between tumor and normal tissues,
which is essential for understanding the mechanism of
tumorigenesis and developing effective therapies. Appar-
ently, given the high heterogeneity of tumor and normal
samples, it is hard to achieve that goal using small sam-
ple sizes, let alone with no biological replicates. More-
over, as demonstrated by our findings, incorporating a
relatively larger sample size than recommended for
RNA-Seq experiments in previous literatures [9, 27]
does not mean the DE results are fully credible.

Conclusions

In conclusion, both tumor tissue samples and normal
tissue samples show high heterogeneity. DE results of
small sample sizes are more susceptible to heterogeneity,
compared with those of large sample sizes. As a result,
reproducibility of DE results and DEG detection power
for small sample sizes are far lower than those for large
sample sizes. Even if large sample sizes are utilized, a
large proportion of the detected DEGs are irreprodu-
cible. Therefore, large sample sizes (at least 10 if pos-
sible) should be considered in RNA-Seq experimental
designs to reduce the interfering effect of sample hetero-
geneity and DEGs of interest should be validated before
making generalized statements.

Similarly, since it is difficult to distinguish which DEGs
are specific to the samples in use and which are com-
mon to the studied populations, DE results from pub-
lished RNA-Seq literatures, especially those with very
small sample sizes or no biological replicates, should be
consulted with caution. With regard to the reproducibil-
ity crisis which is particularly severe in cancer biology
[15, 16] and has remarkably hindered the translation of
cancer research to clinical success [31], much remains to
be done to discern the DEGs caused by biological vari-
ability and to improve the reproducibility of DE results.

Materials and methods

Raw count data collection

Raw RNA-Seq read count data for all available BRCA,
KIRC, and LUAD tumors and available adjacent normal
tissues were downloaded from The Cancer Genome
Atlas (TCGA) database. To ensure sample consistency,
data from metastatic or formalin-fixed paraffin-
embedded tissue samples [32, 33], as well as repeated
data for the same samples, were excluded. After exclu-
sion, total numbers of tumor and normal tissue samples
included in BRCA, KIRC, and LUAD datasets were
1177, 610, and 592, respectively.
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DE analysis of the collected raw count data

This work was designed to investigate the evolution of
reproducibility of DE results and the detection power
depending on the number of biological replicates n. Al-
though there are algorithms specially developed for DE
analysis of RNA-Seq data without biological replicates
[34-36], the results obtained are debatable as it is im-
possible to estimate the level of biological variability. If
there are only two biological replicates, it is difficult to
detect an outlier (bad) expression value. Therefore, the
minimum n was set at 3 for each cancer type.

For each value of n, four sets of n tumor samples and
n normal samples were randomly chosen without re-
placement from datasets of each cancer type to simulate
four different experimental repeats, which were denoted
as repeat I, II, III, and IV, respectively, for ease of de-
scription. For any given n, samples in the four repeats
were all different. Limited by the number of normal
samples in BRCA, KIRC, and LUAD datasets (ie., 99, 72,
and 58, respectively), the maximum » for BRCA, KIRC,
and LUAD was accordingly set at 24, 18, and 14, re-
spectively. The sampling process was shown in Supple-
mentary Figure 53. Raw read count data of samples in
each set of tumor and normal groups were used to con-
struct gene expression matrices for subsequent analyses.

All DE analyses were done with R software (version
3.5.3) and the edgeR package [24] (version 3.22.5).
Trimmed-mean M values (TMM) normalization was
performed to normalize the counts among the different
samples [37-40]. As high dispersion of low counts inter-
fered with some of the statistical approximations used in
edgeR, genes with low counts were filtered out using the
filterByExpr function as recommended in the user’s
guide. Genes were marked as DEGs if the absolute value
of log, transformed fold change (log,FC) = 1 and the
false discovery rate (FDR) < 0.05.

Reproducibility of DE results among the four repeats for
a given number of biological replicates

As described above, four repeated DE analyses were per-
formed for each number of biological replicates #; there-
fore, four lists of DEGs were obtained for each n. To
analyze the reproducibility of DE results, we compared
the four lists of DEGs in terms of overlap rate which
was defined as the ratio of the number of common
DEGs (ie, DEGs that were common to the compared
repeats) to the total number of DEGs of the correspond-
ing repeats. For instance, the total number of DEGs
identified in repeat II and III for 10 biological replicates
in BRCA was 6528, 3079 of which are common to both
of the two repeats; therefore, the overlap rate of the DE
results for the two repeats was 47.17%. The overlap rate
of DE results for any two, three, or four repeats for a
given n was computed in the same way as exemplified

Page 7 of 9

above. Overlap rate was calculated using VENNY (ver-
sion 2.1.0) (Oliveros, J.C. (2007-2015) Venny; an inter-
active tool for comparing lists with Venn's diagrams.
https://bioinfogp.cnb.csic.es/tools/venny/index.html).

Power analysis for a given number of biological replicates
We have four lists of DEGs for each s, but the number
of DEGs and DEG composition of the four lists are quite
different, so it is difficult to choose one of the lists as a
representative. Therefore, the intersection (ie, DEGs
that are common to all four repeats) and the union (ie.,
all DEGs identified for all four repeats) for any given n
were used for power analysis. Note that the power was
defined as the ability for a given sample size to detect
“true” DEGs. Obviously, we needed a reference list of
“true” DEGs. As is generally accepted that results ob-
tained using larger sample sizes are more robust, the
intersection and union of the maximum » for each can-
cer type were used as references.

The power was calculated by the ratio of the number
of DEGs in the intersection {or union) for any given  to
the number of DEGs in the corresponding referential
intersection (or union). The ratio of the number of
DEGs in the union to that in the intersection for any
given n was also calculated and marked as union/
intersection.

Read count dispersion analyses for non-common DEGs
The non-common DEGs, as opposed to the common
DEGs, were the DEGs that could be identified in one re-
peat, but not in another. To explore the cause of non-
common DEGs, we selected 10 non-common DEGs from
the DEG lists of repeat II and repeat I1I for 10 biological
replicates in BRCA dataset and analyzed the characteris-
tics of raw count data of these genes. Although the num-
ber of DEGs was close between the two repeats, about
53% of the DEGs were non-common DEGs.

In order to eliminate the interference of different se-
quencing depth, TMM normalized read counts were used
for analysis. The percent coefficient of variation (%CV) of
normalized read counts in both tumor and normal groups
of repeat II and repeat III was calculated for each non-
common DEG. Similarly, dispersion of normalized read
counts was analyzed and displayed in boxplots using IBM
SPSS Statistics (19.0). The read count dispersion analyses
for the non-common DEGs in KIRC and LUAD were con-
ducted in the same way as in BRCA.

Supplementary Information
The online version contains supplementary material available at https.//doi.
org/10.1186/540246-021-D0308-5.

Additi file 1: Supp tary Table 51. Detailed 960V, Log,FC,
and FDR values for the 10 non-comman DEGs in KIRC
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file 2: y Table $2. Detalled %0V, LogFC,
and FDR values for the 10 nen-common DEGs in LUAD

file 3: y Figure §1. Dispersion of normalized
read counts for the 10 non-commoen genes in KIRC. Mild outliers {maore
than 1.5 10R's fram the box, indicated by O) and extrerne autliers (more
than 3 10R's fram the box, indicated by *) are shown. The nurmber beside
the marker shows the nommalized count valee of the point. Rl and RIII
refer to repeat Il and repeat Ill, respectively. Capital letters ‘T" and "N° rep-
resent the tumor group and the normal group, respectively. IOR indicates
the interquartile range.

file 4: y Figure §2. Dispersion of normalized
read counts for the 10 non-commen genes in LUAD. Mild outliers (maore
than 1.5 10R’ from the box, indicated by O) and extrerme autliers (more
than 3 10R's fram the box, indicated by *) are shown. The nurmber beside
the marker shows the nommalized count value of the paint. Ril and Rill
refer to repeat |l and repeat Il respectively. Capital letters ‘T and "N° rep-
resent the tumor group and the normal group, respectively. IOR indicates
the interquartile range.

file 5: y Figure §3. Diagram of experimental
design for the BRCA dataset. The processes of sampling and analysis for
the KIRC and LUAD datasets were the same as that of BRCA. The
numbers of tumer tissue samples and adjacent normal tissue samples for
KIRC were 526 and 72, respectively, while the two numbers were 509 and
58, respectively, for LUAD. Restrained by the number of narmal tissue
samples which was far less than the number of tumor samples for each
cancer type, the maximum number of biolagical replicates for BRCA,
KIRC, and LUAD was accordingly set at 24, 18, and 14, respectively.
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Summary

Great efforts have been made on the algorithms that deal with RNA-seq data
to enhance the accuracy and efficiency of differential expression (DE) analysis.
However, no consensus has been reached on the proper threshold values of fold
change and adjusted p-value for filtering differentially expressed genes (DEGs).
It is generally believed that the more stringent the filtering threshold, the more
reliable the result of a DE analysis. Nevertheless, by analyzing the impact of
both adjusted p-value and fold change thresholds on DE analyses, with RNA-
seq data obtained for three different cancer types from the Cancer Genome Atlas
(TCGA) database, we found that, for a given sample size, the reproducibility of
DE results became poorer when more stringent thresholds were applied. No mat-
ter which threshold level was applied, the overlap rates of DEGs were generally
lower for small sample sizes than for large sample sizes. The raw read count anal-
ysis demonstrated that the transcript expression of the same gene in different
samples, whether in tumor groups or in normal groups, showed high variations,
which resulted in a drastic fluctuation in fold change values and adjustedp-values
when different sets of samples were used. Overall, more stringent thresholds did
not yield more reliable DEGs due to high variations in transcript expression;
the reliability of DEGs obtained with small sample sizes was more susceptible
to these variations. Therefore, less stringent thresholds are recommended for
screening DEGs. Moreover, large sample sizes should be considered in RNA-seq
experimental designs to reduce the interfering effect of variations in transcript
expression on DEG identification.

KEYWORDS
Differential expression, false discovery rate, fold change, RNA-seq, sample size, threshold

Abbreviations: BRCA, breast cancer; DE, differential expression; DEGs, differentially expressed genes; FC, fold change; FDR, false discovery rate;
KIRC, kidney renal clear cell carcinoma; LUAD, lung adenocarcinoma; RNA-seq, RNA sequencing; SD, standard deviation; TCGA, The Cancer

Genome Atlas; TMM, trimmed-mean M values.
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1 | INTRODUCTION

RNA-seq is currently the most popular technology for
cataloging and comparing genome-wide gene expression
and has been extensively applied in identifying DEGs
under different conditions (Stark et al., 2019, Ozsolak &
Milos, 2011, Wang et al., 2009). Generally, both expression
level ratio (fold change [FC]) and statistical significance
(p-value) should be considered to determine whether a
gene is differentially expressed (Poplawski & Binder, 2018,
Schurch et al,, 2016). FC is usually base 2 logarithm
transformed (denoted as log,FC) to treat up- and down-
regulated genes in a similar fashion (Quackenbush, 2002).
Note that FC has no meaning in a statistical point of view
and is a kind of “biological” threshold. If multiple testing
is involved, as in RNA-seq analysis, the adjusted p-value or
false discovery rate (FDR) should be applied to control the
number of false discoveries (Sampson et al., 2018).

Although log,FC and FDR are commonly used to filter
DEGs in RNA-seq experiments, no fixed values exist for
the two parameters. The most commonly used cutoff value
for FCis 2 (i.e., | log,FC | > 1), and 0.05 for FDR (i.e., FDR
< 0.05)(Poplawski & Binder, 2018, Lamarre et al., 2018).
However, one can empirically set the cutoff values of the
two parameters based on their particular results (Rob-
les et al.,, 2012, Al Seesi et al., 2014, Schurch et al., 2016,
Poplawski & Binder, 2018, Yin et al., 2020). If too many
DEGs are detected using the common filtering threshold,
more stringent thresholds can be applied to reduce the
number of DEGs. Similarly, the threshold can be lowered
if too few DEGs are detected.

It is generally believed that the more stringent the
threshold, the more reliable the results. However, the
aforementioned hypothesis should be established on the
premise that gene expression patterns are consistent
between individuals of the same group. In fact, true gene
expression levels vary among individuals because gene
expression is inherently a stochastic process and may be
influenced by many factors such as age, sex, nutrition, tem-
perature, chemicals, and infectious agents (Kim & Mar-
ioni, 2013, Jia et al., 2019). In cancer research, intertu-
moral and intratumoral heterogeneity, which has become
the main obstacle in treating malignant diseases, has long
been recognized (Marusyk & Polyak, 2010, Burrell & Swan-
ton, 2014, Wei et al., 2017, Dagogo-Jack & Shaw, 2018). Nev-
ertheless, the impact of sample heterogeneity on DE anal-
ysis has not been taken seriously.

Although RNA-seq technology provides various advan-
tages over microarray (Hansen et al., 2011, Ozsolak &
Milos, 2011), issues related to experimental design and
data analysis in microarray also exist in RNA-seq. Many
researchers have focused on the issues of RNA-seq experi-
mental design and subsequent statistical analysis methods

such as the number of biological replicates (Ching et al.,
2014, Liu et al., 2014, Gierlinski et al., 2015, Schurch et al.,
2016, Lamarre et al., 2018, Poplawski & Binder, 2018), nor-
malization methods (Li et al., 2012, Dillies et al., 2013, Li &
Tibshirani, 2013, Yuetal., 2013, Lin et al., 2016, Maza, 2016),
and statistical tools (Soneson & Delorenzi, 2013, Zhang
et al., 2014, Moulos & Hatzis, 2015, Conesa et al., 2016,
Rapaport et al., 2013, Seyednasrollah et al., 2015, Lin &
Pang, 2019), but few have paid attention to the effect of dif-
ferent threshold values on DEG identification.

Poor reproducibility of DEGs has been shown in sev-
eral studies using different datasets from tomato plants
(Lamarre et al., 2018), yeast (Schurch et al., 2016), mouse
strains (Soneson & Delorenzi, 2013), and human tis-
sues(Cui et al.,, 2021), and cell lines (Liu et al., 2014);
however, the findings of all these studies were based on
DE analyses using the common threshold value for FC
(|10g2FC|2 1) and FDR (FDR < 0.05). The question
was whether the reproducibility of DE results could be
improved by increasing significance stringency. To inves-
tigate whether more stringent thresholds could yield more
reliable results in RNA-seq analysis, the present study ana-
lyzed the impact of both FDR and LFC thresholds on DE
analyses, using RNA-seq read count data of breast can-
cer (BRCA), kidney renal clear cell carcinoma (KIRC),
and lung adenocarcinoma (LUAD) obtained from TCGA
(Tomczak et al., 2015). The total number of samples for
BRCA, KIRC, and LUAD was 1177, 598, and 567, respec-
tively. Additionally, the high transcript expression variabil-
ity was illustrated by showing gene ranks and normal-
ized read counts of top 10 DEGs in the four DE analy-
ses of BRCA with 20 samples per condition. The objec-
tive of this study was to explore the relationship between
threshold stringency and reliability of DE results, and help
RNA-seq practitioners choose an appropriate threshold for
DEG identification and better understand and interpret DE
results.

2 | MATERIALS AND METHODS
2.1 | Raw count data collection

BRCA, KIRC, and LUAD are the three cancer types with
the largest number of samples in TCGA database, which
is especially advantageous in demonstrating variations in
transcript expression. Raw RNA-seq read count data of
all available BRCA, KIRC, and LUAD tumor and adja-
cent normal tissues were obtained from TCGA. Data
from metastatic or formalin-fixed paraffin-embedded tis-
sue samples (Esteve-Codina et al., 2017, Kwong et al.,
2018), as well as repeated data for the same samples
sequenced more than once, were excluded to ensure
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sample consistency. After exclusion, the number of tumor
samples in BRCA, KIRC, and LUAD datasets was 1078,
526, and 509, respectively, while the corresponding num-
ber of normal samples was 99, 72, and 58, respectively. The
batch effects in all datasets were checked and corrected
using the Empirical Bayes method (http://bioinformatics.
mdanderson.org/tcgambatch). The FPKM data of all avail-
able BRCA samples were also obtained from TCGA. Sin-
gle cell RNA-seq data for naive HeLa cells (90 repli-
cates) and priming HeLa cells (89 replicates) induced with
interferon gamma were obtained from the GEO database
(GSE150198), and a parallel analysis was performed on the
cell line with the two conditions (Naive vs. Priming).

2.2 | DE analysis using different
threshold levels

This study examined the relationship between different
threshold levels and the reliability of DE results depend-
ing on the number of biological replicates n per condition.
Estimating the level of biological variability with only one
biological replicate was impossible, and detecting an out-
lier (bad) expression value was difficult if only two biologi-
cal replicates were present. Hence, the minimum n was set
at 3.

For each value of n, four sets of n tumor samples and n
normal samples were randomly selected without replace-
ment from each dataset to simulate four different experi-
mental repeats. For any given n, the samples in the four
repeats were all different. The raw read count data of sam-
ples in each set of tumor and normal groups were used
to construct gene expression matrices for subsequent DE
analyses. For all the three cancer types studied, as well as
the other cancer types in TCGA, the number of normal
samples was far less than the number of tumor samples.
Restrained by the sampling method and the number of nor-
mal samples, the maximum n for BRCA, KIRC, and LUAD
was accordingly set at 24, 18, and 14, respectively.

All DE analyses were done with the R software (ver-
sion 3.5.3) and the edgeR package (Robinson et al., 2010)
(version 3.22.5), which is the most popular tool for DE
analysis of RNA-seq data (Lamarre et al., 2018) and has
superior specificity and sensitivity as well as effective
control of false positive errors (Rapaport et al., 2013,
Seyednasrollah et al., 2015, Lamarre et al., 2018, Schurch
et al.,, 2016). Trimmed-mean M values (TMM) normaliza-
tion was performed to normalize the counts among the
different samples (Robinson & Oshlack, 2010, Maza, 2016,
Li et al., 2020). Three different combinations of FDR and
log, FC values, namely, (FDR < 0.05, | log,FC | >1), (FDR
< 0.01, |log,FC | 2 2), and (FDR < 0.001, |log,FC | > 4),
were used as thresholds to screen DEGs. The three thresh-
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olds were denoted as (FDR(0.05), LFC(1)), (FDR(0.01),
LFC(2)), and (FDR(0.001), LFC(4)), respectively, for con-
venience.

2.3 | Testing reliability of DE results for
different threshold levels

The overlap rate was used as an indicator to reflect the
reliability of DE results for different threshold levels. As
described earlier, four repeated DE analyses were per-
formed for each number of biological replicates n and each
threshold level; therefore, four lists of DEGs were obtained.
To analyze the reliability of DE results among the four
repeats for each n and each threshold level, the four lists of
DEGs were compared in terms of the overlap rate, which
was defined as the ratio of the number of overlap DEGs
(i.e., DEGs that were common to all four repeats) to the
total number of DEGs detected in the four repeats. The
overlap rate was analyzed using “vennCounts” and “ven-
nDiagram” functions from the limma package. Analysis
of sensitivity and specificity was carried out according to
Lamarre et al. (2018). The R codes used in the study can be
found in the Supporting information.

3 | RESULTS

3.1 | Effect of increasing significance
stringency on DEG screening

The mean number of DEGs detected using different
threshold levels for each cancer type is shown in Figure 1.
For all values of n, when a more stringent threshold is
adopted, the number of DEGs drops dramatically. Tt is
worth noting that the trends of the three curves for dif-
ferent threshold levels are inconsistent. When the lowest
threshold (FDR(0.05), LFC(1)) is applied, the mean num-
ber of DEGs first increases rapidly for the number of bio-
logical replicates between 3 and 10, and then remains rela-
tively stable. The curves for (FDR(0.01), LFC(2)) also show
mild upward trends when n < 10. When applying the most
stringent threshold (FDR(0.001), LFC(4)), the curves are
almost flat, implying that the number of DEGs for differ-
ent sample sizes is close.

To explore the possible interactions between the two
thresholds of FDR and FC, the effect of each threshold on
DEG identification was also investigated separately. Sup-
porting information Figure S1 shows the average num-
ber of DEGs for different FC thresholds (LFC(1), LFC(2),
and LFC(4)), with a fixed threshold of 0.05 to control
the FDR, while Supporting information Figure S2 dis-
plays the average number of DEGs for different FDR
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thresholds (FDR(0.05), FDR(0.01), and FDR(0.001)), with
a fixed threshold of 1 to control the absolute value of
log,FC. As shown in Figure 1, Supporting information
Figures S1 and S2, the threshold of FC clearly plays a key
role in DEG identification by the three different combina-
tions of FC and FDR thresholds used in this study.

To investigate whether the DEGs detected by
(FDR(0.001), LFC(4)) were the same for different sample
sizes, the DEG lists of different sample sizes were com-
pared for each cancer type. As the tables produced are too
large and obscure (the vennCounts results for each cancer
type can be found in Supporting information Tables S1-
S3), n = 3,10, and n (max) are selected to represent small,
medium, and relatively large sample sizes, respectively,
and the overlapping DEGs among the three sample sizes
for each cancer type are shown using Venn diagrams. As

shown in Figure 2, for each cancer type, the percentages
of overlap DEGs among the three sample sizes are all less
than 20%, indicating that although the number of DEGs
for different sample sizes is close, DEG compositions vary
greatly, consistent with the results shown in Supporting
information Tables S1-S3.

3.2 | Reliability of DE results for different
threshold levels

The overlap rate was employed as the indicator to reflect
the reliability of DE results (see Materials and Methods).
For each value of biological replicates n, four DE analy-
ses using totally different sets of tumor and normal sam-
ples were performed, resulting in four lists of DEGs. The
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reliability of DE results was analyzed by comparing the
four lists of DEGs for a given sample size.

The study examined the effect of increasing significance
stringency on the overlap rate of the four lists of DEGs
for each n, and the result is shown in Figure 3. The three
curves of the overlap rate for different threshold levels all
have similar trends, that is, low overlap rate for small sam-
ple sizes and high overlap rate for relatively large sample
sizes. Apparently, no matter which threshold is used, the
mean number of DEGs far exceeds the number of over-
lap DEGs for each n. More importantly, the overlap rates
for all values of n gradually decrease with increasing sig-
nificance stringency. When the most stringent threshold
(FDR(0.001), LFC(4)) is applied, the overlap rates for the
n (max) shockingly drop to less than 20%. Similar results
are obtained when each threshold is investigated sepa-
rately (Supporting information Figures S3 and S4), but the
decrease of the overlap rate for different values of n with
the raising stringency of FC threshold in Supporting infor-
mation Figure S3 is more dramatic than that in Support-
ing information Figure S4 with the raising stringency of
FDR threshold. Although the results demonstrate that the
values of the overlap rate decrease with increasing signifi-

cance stringency, RNA-seq practitioners should know that
DEGs identified using a particular dataset are correct for
the samples studied.

3.3 | Reliability of DEGs with the most
dramatic changes in mRNA expression

Generally, DEGs with the most dramatic changes in
expression are the primary concern; however, based on
the aforementioned results, these genes might have poor
reproducibility. To prove this point, the DEG composi-
tions (Table 1) of the top 10 up- and down-regulated DEGs
were also analyzed among the four repeats for n = 20 in
BRCA. As can be observed in Table 1, different sets of sam-
ples result in different DEG lists. No common DEG exists
among the four repeats, and the overlap DEGs between
any two repeats are scarce. The poor reproducibility of
the DEGs shown in Table 1 indicates that the top up- and
down-regulated DEGs identified in one particular study
are highly unreliable.

As the amount of RNA-seq data is huge, the process
of DE analysis is usually automated. Researchers always
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TABLE 1 Top 10 up- and down-regulated DEGs in each repeat for n = 20 in BRCA
Repeat I Repeat I1 Repeat III Repeat IV
Gene Log,FC FDR Gene Log,FC FDR Gene Log,FC FDR Gene Log,FC FDR
MYOC 9.28 5.39E-19  MYOC 8.76 251E-22  CSNISI 7.82 4.37E-08 MYH2 15.02 3.27E-13
PENK 8.41 1.51E-17 LEP 743 1.64E-18 LEP 7.51 147E-17 ACTN2 11.17 1.94E-10
DLK1 7.09 3.27E-11  GLYAT 712 9.29E-22 BMP3 7.36 L7IE-1  ACTAI 11.00 1.78E-10
LEP 6.88 8.40E-12 GYS2 6.92 1.27E-15 TRHDE-ASI 7.00 5.47E-18 TRDN 10.90 1.72E-14
MTNDIP23  6.65 3.73E-09 CSNISI  6.67 1.79E-15 NPYZR 6.90 715E-10 TNNC2 10.52 1.09E-13
CEACAM5 -7.29 444E-10 CRISP3 -7.01 3.11E-08 GLYATLIP4 —7.26 117E-06 CBLN2 —6.70 4.80E-11
S100P —7.51 6.74E-18 CST2 —7.35 9.78E-12  INSM1 -7.91 9.15E-09 EPYC —6.74 1.20E-15
SNORDI7 —7.60 3.34E-11  SIO0A7  —7.96 2.75E-08 PCSKI —8.06 6.94E-12 CSTI —6.58 5.81E-09
IBSP =7.75 1.23E-21 IBSP —8.51 3.54E-21 TRPA1 —8.67 2.24E-13 COLIOAI —7.57 1.03E-33
MMPI —8.55 1.57E-20 CYP2A7 —8.96 1.81E-08 SLC30A8 —8.76 5.84E-09 DCD —7.85 2.09E-05

Positive log, FC values indicate that the mRNA expression of these genes are up-regulated in normal tissue groups, while negative log, FC values correspond to

up-regulated genes in tumor tissue groups. The ranks of the 10 top DEGs for each repeat in the three other repeats are shown in Supporting information Table S4.

focus on the LFC and FDR values of each gene in the
results, while neglecting the examination of the raw data.
To better understand why the reproducibility of DE results
is so poor, even for large sample sizes, the present study
examined the TMM-normalized read counts of the 10
up- and down-regulated DEGs of repeat I in Table 1.
Among these genes, CEACAMS, SI00P, SNORDI7, IBSP,
and MMPI are up-regulated DEGs in tumor tissue samples,
while MYOC, PENK, DLKI, LEP, and MTNDIP23 are up-
regulated DEGs in normal tissue samples. Figure 4 shows
that the transcript expression of each of the genes in differ-
ent samples, whether in tumor groups or in normal groups,
varies greatly, which reflects the high heterogeneity of both
tumor and normal samples. The FPKM values of each of
the top 10 DEGs also show high variations in different
samples of each group (Supporting information Figure S5),
consistent with the results shown in Figure 4.

We also ran principal components analysis (PCA) for
each cancer type comprising all samples used in the study
to better illustrate the heterogeneity of both tumor and nor-
mal samples. As shown in Supporting information Figure
S6, samples from the tumor group and the normal group
cluster separately with limited overlaps for each cancer
type. Notably, the PCA scatter plots show that samples in
both tumor and normal groups are quite dispersed, repre-
senting high sample variability.

The results of the parallel analysis performed on HeLa
cell line can be found in Supporting information Figures
§7-59. Although the DEG numbers for each n of the HeLa
cell dataset are significantly less than those of the three
human tissue datasets studied above, the trends of the
three curves under different threshold conditions in Sup-
porting information Figure S7 are consistent with those in
Figure 1. Moreover, as shown in Supporting information
Figure S8, the overlap rates obtained for the most stringent
threshold are generally the lowest among the three thresh-

old conditions. Furthermore, Supporting information Fig-
ure S9 also shows that the transcript expression of each
gene has a character of high variation between different
samples in either groups.

3.4 | Analysis on the optimal threshold
controlling the FDR depending on replicate
number

Generally, a fixed threshold of FDR <0.05 is used. Never-
theless, Lamarre et al. (2018) found that choosing a thresh-
old for FDR around 2" (with n the number of biological
replicates per condition) should be optimal to enhance the
sensitivity (true positive rate) and specificity (true negative
rate) of DE analysis, but as they stated, their result had only
been shown for their Tomato Ovary Gene Expression data.

To investigate whether 27" was the optimal threshold
controlling the FDR for the TCGA data, we first compared
the performance of FDR(0.05) and FDR(2™") in DEG fil-
tration using the RNA-seq count data of BRCA, KIRC, and
LUAD, and the result is presented in Figure 5. It is obvious
in Figure 5A, C, and E that the number of DEGs detected
by FDR (27") is much less than that by FDR (0.05) for any
given n, except for n =3 and 4. As 27" > 0.05if n =3 or
4, the result is understandable because fewer DEGs are left
when more stringent thresholds are applied. When FDR
(0.05) is applied, the number of DEGs continues to increase
rapidly with the increase in sample size. Nevertheless, for
FDR(2™ "), the number of DEGs for different n is close, but
DEG compositions are quite different, similar to the fea-
tures of the curves for (FDR(0.001), LFC(4)) in Figure 1.
Furthermore, for most values of n, the overlap rates for
FDR (27") are much lower than those for FDR (0.05) as
shown in Figure 5 B,D, and F, indicating that using 27"
as the threshold for FDR can keep the number of DEGs
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relatively stable for different n, but cannot improve the reli-

ability of DE results.

Next, the sensitivity and specificity of DE results were
analyzed for FDR(0.05) and FDR(2™"), respectively, using

the datasets of the three cancer types studied, according to
the method proposed by Lamarre et al. (2018). As shown in
Supporting information Figure S10, different datasets gen-
erate slightly different results, but generally the sensitivity
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of FDR(2 ") is higher than that of FDR(0.05) for small sam-
ple sizes and lower than that of FDR(0.05) for large sam-
ple sizes, and vice versa for the specificity of FDR(2™") and
FDR(0.05).

Finally, receiver operating characteristic (ROC) analy-
sis was performed on the DE analyses for the three cancer
types to estimate the optimal FDR thresholds depending
on replicate number as Lamarre et al. (2018) did. However,
our results are quite different from those of Lamarre et al.
(2018). As shown in Supporting information Figure S11,
the arrangement of the ROC curves for different n is not
as orderly as that of Lamarre et al. (2018). Additionally,
the ROC curves for different repeats of each n are distinct
from one another as shown in Supporting information Fig-
ures S12-S14. Furthermore, for a given n, the optimal cut-
point values of FDR threshold for different curves are quite
different, especially for n < 10 (Supporting information
Figure S15).

Lamarre et al. (2018) also performed multiple DE anal-
yses for each n from 2 to 7; however, only one ROC curve
was shown for each n in Figure 4 of their article. Appar-
ently, the optimal FDR threshold calculated from only one
ROC curve cannot represent the optimal FDR thresholds of
all the curves for each n. As reflected in Supporting infor-
mation Figure S15, although the mean of the four opti-
mal FDR thresholds for each n shows a downward trend
with increasing numbers of biological replicates, the opti-
mal FDR thresholds for each n are clearly not equal to
27", which is inconsistent with the result of Lamarre et al.
(2018).

4 | DISCUSSION

The present study thoroughly analyzes the effect of the
variations in transcript expression on the reliability of DE
results in RNA-seq analysis, using different threshold lev-
els of FC and FDR (either combined or separately) and dif-
ferent sample sizes. The results demonstrate that no mat-
ter which threshold is applied, the reliability of DE results
for different sample sizes is quite poor. Moreover, the more
stringent the threshold, the more unreliable the DE results,
which is contrary to what we usually believe. An arbitrary
FDR threshold of 0.05 for a DE analysis, regardless of the
number of biological replicates per condition, would not
be optimal; however, it is difficult to assign an optimal FDR
threshold for a particular DE analysis based on the number
of biological replicates per condition, as the optimal FDR
thresholds for different DE analyses for a given n are quite
different. How to choose the optimal FDR threshold for a
particular DE analysis remains to be further investigated.
The substantial difference in read count values for the
same gene among different samples, whether in tumor

groups or in normal groups, indicates that gene expression
at mRNA level varies tremendously, which is also illus-
trated by the PCA plots (Supporting information Figure
S6) for each cancer type comprising all samples used in
the study. Although tumor heterogeneity has long been
recognized, normal sample heterogeneity has been under-
estimated. According to the results above, normal tissue
samples also have significant heterogeneity at mRNA level.
Furthermore, many genes show extremely high transcript
expression in certain samples (Figure 4); however, the rea-
son for these extreme expression values remains unclear.

The mean and standard deviation (SD) are essential sta-
tistical parameters used in DE analysis (Robinson et al.,
2010, Love et al., 2014). However, the values of these param-
eters can be significantly altered if extremely high varia-
tions in transcript expression exist, causing considerable
differences in the results obtained from different sets of
samples. Extreme read count values can also lead to very
large LFC values and extremely small FDR values, which
may explain why the more stringent the threshold, the
worse the reliability of DE results. The extreme read count
values seem to be randomly distributed across different
samples; therefore, it is difficult to improve the reliability
of DE results by excluding certain samples.

Compared with large sample sizes, small ones are more
susceptible to high variations in mRNA expression, lead-
ing to poorer reliability of DE results for small sample
sizes. Theoretically, if mRNA expression levels are consis-
tent among samples in the same group, then the DEGs
obtained using different sets of samples should be the same
or similar, regardless of whether small or large sample sizes
are used. However, as shown in Figure 1, when (FDR(0.05),
LFC(1)) is applied, the number of DEGs detected posi-
tively correlates with n if n is below 10. Similar phenom-
ena have been reported in previous studies using RNA-seq
read count data from mouse strains (Soneson & Delorenzi,
2013), yeast (Schurch et al., 2016), tomato plants (Lamarre
et al., 2018), and human tissues (Cui et al., 2021), and cell
lines (Liu et al., 2014). The results of the parallel analysis
using HeLa cells (Supporting information Figures S7-S9)
are also consistent with those obtained from human tumor
and normal tissue samples. These findings indicate that a
high variation in transcript expression is probably a uni-
versal feature of biological samples.

Taken together, DEGs obtained using more stringent
thresholds have poorer reproducibility due to a high vari-
ation in transcript expression. Therefore, less stringent
thresholds are recommended for filtering DEGs, in case
“true” DEGs are excluded by too stringent thresholds.
Large sample sizes should be considered in RNA-seq
experimental designs to reduce the interfering effect of
the variation in transcript expression. Although RNA-seq
is a promising technology for monitoring transcriptome
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changes, DE results should be cautiously interpreted, as a
large proportion of the DEGs identified are irreproducible.
A high variation in transcript expression also illustrates the
necessity and importance of large genomics projects such
as TCGA.
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ers completed a 105-minute simulated prolonged football proto-  snije sprain; syndesmotic
col. The peroneal muscle reaction time to an ankle inversion injuries; ligamentous injuries;
perturbation was measured every 15 minutes by a surface electro- neuromuscular control;

myography system sampling at 1000 Hz. One-way repeated ANOVA soccer; sports medicing;
with post-hoc paired t-test showed a steady upward trend starting ankle injuries; biomechanics
from 48.9 ms at baseline to 57.1 ms at the end of the first half,

followed by a recovery back to 50.9 ms at the start of the second

half and a further delay in the last 30 minutes to 60.2 ms at the end

of the protocol. Delayed peroneal muscle reaction was found after

30 minutes of the first half and 15 minutes of the second half of

a football match. The risk of ankle sprain could increase in the latter

minutes in each half protocol. Thus, prevention injury training

strategies should focus on these specific durations in football

matches.

Introduction

Ankle sprain was the most common injury in football, accounting for approximately 84%
of all sports-related injuries (Doherty et al, 2014; Fong et al., 2007). Football players
suffering from repeated ankle sprains are more likely to develop chronic ankle instability
(Gribble et al., 2016). The recurrence rate for a lateral ankle sprain is reportedly as high as
809% among athletes, and it is responsible for the longest absenteeism from participation
compared with that in other sports injuries (Fong et al, 2007). Ankle injuries also have
a drastic effect on the healthcare system, with an estimation of 1-1.5 million people in the
UK attending emergency rooms and clinics yearly (Lamb et al., 2009) and medical costs
amounting to £1-2 billion annually. In the US and the Netherlands, such costs were
estimated to be US$% 6.2 billion and €208 million per year, respectively (Gribble et al.,
2016).

A previous research pointed out that one common cause of ankle sprain injury is
delayed peroneal muscle reaction time to an ankle inversion perturbation (Fong et al.,
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2009). Peroneal muscle reaction time was defined as the time between ankle perturbation
and the onset of peroneal muscle activity; it could be obtained by measuring the timing of
peroneal activation in response to a sudden inversion perturbation by using electromyo-
graphy and a trapdoor mechanism (Hoch & McKeon, 2014). When the ankle joint is forced
into excessive inversion, the peroneal muscle is the first to react by providing a reflexive
contraction as a dynamic defence mechanism to protect the ankle joint (Hertel, 2002).
Some studies showed that people with ankle sprain exhibited delayed peroneal reaction
time to inversion perturbation compared with healthy ones (Hoch & McKeon, 2014). The
peroneal muscle reaction time was found to be around 55-80 ms (Konradsen & Ravn,
1991), which is still too slow to react to a sudden inversion ankle sprain that occurred in
40-50 ms (Fong et al., 2009). Further understanding of the peroneal muscle reaction time
during football games could help introduce ankle training strategies for preventing
injuries,

Previous studies also suggested that ankle sprains are more likely to occur during the
latter minutes of the first half and during the second half in a football game (De Noronha
et al,, 2019). Football players were reported to experience muscular fatigue after a 90-
minute football match as they were required to perform a lot of running, changing
direction, jumping, and kicking that would lead to muscular fatigue (Reilly et al., 2008).
Fatigue from prolonged matches may affect the muscle responses, motor control and
joint position sense for maintaining joint stability (Gribble et al., 2007), induce a change in
balance strategy and increased the ankle muscles reaction time and as a result
(Valldecabres et al., 2020), increase the risk of ankle sprain and decrease the level of
performance (Almonroeder et al., 2020). Those findings may be able to explain the reason
why more ankle sprain injuries were being recorded towards the end of each half in real
football matches (De Noronha et al, 2019). However, the delayed reaction time with
prolonged football game is still unclear, it is very essential to explore the correlation
between delayed reaction time and prolonged football game for designing the appro-
priate training methods for preventing ankle sprain.

Some studies have tried to use isokinetic exercise (Jackson et al., 2009) and football-
specific intermittent exercise (Rahnama et al., 2006) protocols to introduce fatigue to the
ankle muscles. However, these protocols do not truly represent the nature of football,
which is a prolonged exercise with a mixture of different exercise intensities, i.e. running,
jogging, and sprinting. Therefore, the present study aimed to investigate the peroneal
muscle reaction time in male amateur football players during a simulated prolonged
football protocol. The peroneal muscle reaction time to an ankle inversion perturbation
was hypothesised to significantly increase from baseline in a simulated prolonged football
protocol.

Materials and methods
Participant

Nine healthy male football players (age: 23.3 + 0.8 years; height: 1.77 £ 0.04 m; body mass:
72.5 + 8.4 kg) from a local amateur football league were recruited using invitation letters,
advertisements and personal invitations in this study. All participants had at least 5 years
of recreational football experience and were members of several football teams in a local
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amateur league with teams from local universities and colleges. The exclusion criteria
included balance disorders, serious lower extremity injury within 1 year, ankle instability,
and sensory impairments, as evaluated by an orthopaedic specialist. All the participants
did not perform any vigorous exercise 24 hours before testing. All the participants did not
perform any vigorous exercise 24 hours before testing. They completed a health screen
questionnaire and a written informed consent form approved by the Loughborough
University Research Ethics Committee (R18-P069).

Sample size calculation

Sample size estimation was performed on G*Power software (Germany) on the basis of
a previous study, which reported that the peroneal reaction time increased from
40.76 + 10.90 ms to 53.74 + 476 ms after a football game (Fong et al., 2020). By setting
the level of significance to 0.05 and the statistical power to 0.80 in a two-tailed test on
matched pairs, the effect size and estimated required sample size were calculated to be
1.37 and 7, respectively.

Ankle peroneal muscle reaction test

This test required the participant to stand with their dominant leg on a trapdoor platform
which has been widely used in studies to produce a simulate an ankle sprain motion and
the other leg on a fixed block with their body weight placed equally on their feet. The
dominant limb was defined as the preferred limb to kick a ball as verbally reported by the
participant (Sun et al., 2015). The sudden simulated ankle inversion perturbation was
introduced to the dominant limb for EMG data collection for three trials. The sEMG data
collections of the peroneal muscle were conducted at 1000 Hz, using the Trigno Wireless
System (Delsys Inc., Boston, MA, USA). The use of a 1000 Hz sampling rate was suggested
to have a moderate to high test-retest reliability for testing muscle latency, with interclass
correlation coefficients ranging from 0.68 to 0.94 (Xu et al,, 2005). The amplifier bandwidth
frequency ranged from 20 to 450 Hz, with an input voltage of 9 VDC at 0.7A and the
common-mode rejection ratio was 80 Db. A wireless Trigno EMG sensor was attached on
the skin surface of the peroneal muscle belly {upper 1/4 position between the tip of the
head of the fibula to the tip of the lateral malleolus) on the lateral side of the lower limb by
a method in an EMG manual (Figure 1) (Fong et al., 2013; Perotto, 2005). Recording sites
were prepared by shaving the area and wiping with alcohol pads to decrease electrical
impedance, Electrodes (41 x 20 x 5 mm, D.E. 2.3, Delsys Inc,, Boston, MA) were placed
along the longitudinal axis of peroneal muscle on the dominant leg of the participant's
body (Gullett et al., 2009).

EMG data were analysed in accordance with the procedures from the International
Society of Electrophysiology and Kinesiology (Merletti & Torino, 1999) by using the EMG
Works Analysis 4.0 (Delsys Inc., Boston, MA, USA). To calculate the mean normalised EMG
values, the raw EMG signals were subsetted, filtered (passband: 3, response: band pass,
corner F1: 10 Hz, corner F2: 500 Hz), rectified, integrated root mean square (window
length: 0.100, window overlap: 0.08, remove offset) to calculate the mean normalised EMG
values. The onset time of the peroneal muscle was determined by a sudden increase of
EMG signal which exceeded 5% of the maximum signal value of the muscle (Fong et al.,
2020; Konrad, 2006). The time between the start of pulling the trigger of the trapdoor
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EMG Sensor

Figure 1. The position of EMG sensor during reaction time test.

platform and the onset of the EMG signal was the reaction time of the peroneal muscle.
The average value of the reaction time from three trials was used for statistical analysis.

Prolonged simulated football protocol

The prolonged simulated football protocol was modified from the Loughborough inter-
mittent shuttle test to simulate a football game (Nicholas et al., 2000). The shuttle running
test includes two 45 minutes half with a 15 minutes rest period in between. The test was
set up with two cones 20 m apart and each cycle of the test includes 60 m walking. 20 m
sprinting, 4 seconds recovery walk, and 60 m jogging and 60 m sprinting (Fong et al., 2020).
Each participant started with a dynamic warmup for 15 minutes and then moved on to the
ankle muscle reaction test for the EMG data collection at 0 minutes before starting the
prolonged simulated football protocol. The peroneal reaction test was then repeated at
every 15 minutes interval, i.e. at 0, 15, 30, 45, 60, 75, 90, and 105 minutes for EMG data
collection. The participants were monitored by the researcher throughout the shuttle
running test and required to repeat the cycle until each 15 minutes interval was reached.
No practice trials were allowed to ensure the unexpected nature of an ankle sprain.
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Table 1. The reaction time of peroneal muscle throughout the prolonged simulated football protocol.

Time {min) Reaction Time (ms) p-value of t-test with baseline 95% Cl for difference Cohen's d
0 min 489+ 1.3 - - -

15 mins 518+22 1.000 —8.219, 2.564 157
30 mins 549+ 16 0.001* —8.853, —3.044 405
45 mins 571+17 <0.001* —0.627, —6.606 537
60 mins 509+13 0.522 —5.127,1.187 153
75 mins 56.6 + 3.0 0.005* —13.024, 2401 337
90 mins 592+ 16 <0.001* —14.430, —6.178 6.91
105 mins 602+ 1.1 <0.001* —14.152, -8.391 913

*Significant difference from baseline (0 min), p < 0.05.

Statistical analysis

Statistical analysis was performed with SPSS software (version 20.0, SPSS Inc, USA) in this
study. All the data were reported as means + standard deviations. One-way repeated
ANOVA was conducted on the dependent variables over time. If a significant time effect
was found, a post-hoc Bonferroni test was conducted to evaluate the significant differ-
ence between reaction time at each time and baseline. The significance level was set at
p < 0.05. Partial eta squared (n”p) was used to represent the effect of the time effect of
repeated ANOVA. The thresholds for partial eta squared were as follows: 0.01-0.06, small;
0.06-0.14, moderate; >0.14, large (Pierce et al., 2004). Cohen's d was used to represent the
effect size of post-hoc comparison. The thresholds for Cohen’s d were as follows: <0.2,
trivial; 0.21-0.50, small; 0.510.80, medium; >0.81, large (Cohen, 2013).

Results

As shown in Table 1 and Figure 2, one-way repeated ANOVA suggested the significant
time effect for the reaction time (F = 38.937, p < 0.001, n’p = 0.848). The post-hoc results

Reaction time (ms) of peroneal muscle during the prolenged football protocol

Reaction time (ms)

47 ¥ Intermittent shuttle i Half time Intermittent shuttle
running exercise (1* half) i (15 min rest) running exercise (2 half)
a5 . : A . .
o i5 30 45 &0 75 a0 105

Time (min)

Figure 2. Reaction time of peroneal muscle during the prolonged football protocol (*Indicated
significant difference from baseline (0 min}, p < 0.05).
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showed that the reaction time at 30 (p = 0.001, Cohen'’s d = 4.05), 45 (p < 0.001, Cohen's
d =5.37), 75 (p = 0.005, Cohen's d = 3.37), 90 (p < 0.001, Cohen's d = 6.91), and 105 min
(p < 0.001, Cohen's d = 9.13) throughout the prolonged simulated football protocol
increased significantly compared with that at baseline.

Discussion

The results showed that the peroneal muscle reaction time significantly increased at 30,
45, 60, and 90 minutes from the beginning, thereby supporting the hypothesis. The
results were similar and supportive to those of most previous studies that tested peroneal
muscle reaction time in a sudden simulated ankle inversion sprain situation (Henry et al.,
2010). These findings suggested that muscular or physiological fatigue may have been
induced at the later stage of each half of the prolonged exercise protocol and caused an
increase in peroneal muscle reaction time. Although the range of the peroneal muscle
reaction time in the present study stayed in the healthy range at 55-80 ms (Konradsen &
Ravn, 1991), it was still not quick enough to react to a sudden ankle inversion that
occurred within 50 ms (Fong et al., 2009). Moreover, the injury was expected to occur
faster in dynamic motions, such as in football games, and with a higher twisting force;
thus, an even faster peroneal reaction time was needed for protection. The increase in
peroneal muscle reaction time towards the end of each half could also increase the ankle
injury risk at the later stage of each half.

A notable detail that the reaction time significantly increased at 75 (56.6 + 3.0 ms), 90
(59.2 £ 1.6 ms), and 105 (60.2 £+ 1.1 ms) minutes in the second half in this study, while the
previous study (Fong et al., 2020) found the reaction time significantly increased only at
105 minutes, the end of a football game. The gender might lead to a discrepancy in the
increasing reaction time of the second half. The male participants were recruited in this
study, female in a previous study. A recent study showed that the maximal isometric peak
force recovered in the male group was significantly slower during the first hour of rest
than that in the female group after prolonged exercise-induced fatigue (Hakkinen, 1993).
This finding may imply that the potential risk of ankle sprain was larger in males than in
females during the second half of the football game.

Another interesting finding was that the peroneal reaction time (from 48.9 ms to
60.2 ms) of each time point in the present study was longer than that in the previous
study (40.76-53.74 ms). The different methods to define the starting time of the reaction
time may lead to the discrepancy between the two studies. Previous studies found that
two definitions were adopted: first was between the start of pulling the trigger of the
trapdoor platform and the first rising response of EMG signals (Sun et al, 2016) and
the second one was between the start of ankle inversion motion and the first rising
response of EMG signals (Fong et al., 2020).

In addition, the peroneal muscle reaction time on the dominant leg was examined in the
present study. The study that investigated the delayed reaction time during prolonged
football protocol in female amateur footballers (Fong et al,, 2020) showed a significantly
shorter peroneal latency in the nondominant leg than in the dominant leg. The difference
may be the result of different demands being placed on the dominant and nondominant
legs during exercise (Beynnon et al, 2002). For example, football players shoot, pass and
jump with their dominant leg more than their nondominant leg; therefore, the dominant
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leg may experience fatigue faster and result in a longer peroneal latency (Knight & Weimar,
2011). This phenomenon could explain why the ankle sprain incident was 2.4 times more
on the dominant leg than on the non-dominant leg in a competitive football season
(Yeung et al., 1994). However, the reaction time of the nondominant leg during prolonged
football protocol is still unclear. Further study could focus on the difference in the reaction
time between these legs during prolonged football exercise protocol for differentiated
training strategy of ankle sprain injury prevention. Peroneal muscle endurance should be
evaluated in the preseason screening test (Delvaux et al., 2020). Some training interven-
tions, such as the recent successful attempts of the use of kinesiology tape (Farquharson &
Greig, 2017) and compression stockings (Pavin et al., 2019), could also be conducted to
reduce the peroneal muscle reaction time and prevent ankle sprain injuries.

This study has three limitations. First, the trapdoor platform for an ankle sprain simulation
has caused some concern about its validity as most of the ankle sprain injuries in football
normally happened in dynamic motions such as landing from a jump and running instead of
standing with both feet flat on a flat surface. However, this is the most common way among
the very few methods to mimick an ankle sprain motion for the peroneal muscle reaction test.
Second, there was potential human response error on the synchronisation of EMG data
collection for calculation of the peroneal muscle reaction time as there may be a minor
time error between pulling the trigger of the trapdoor platform and the real starting time of
ankle inversion motion. This finding implies that the standard methods of data collection and
definition of reaction time are very important to assess the neuromuscular reaction function in
the future study. Therefore, the researcher should focus on standardising the testing methods
on neuromuscular reaction time for conclusions from many studies, such as sampling
frequency, warming up programme, data processing. Thirdly, the control group is lacked. In
this study, the control condition was the data collect at the initial time point, as we were
looking at the time effect. To further enrich the study design, future studies can have a resting
group added to further show the effect of participating and not participating in the prolonged
football protocol.

In conclusion, the delayed peroneal muscle reaction was found after 30 minutes of the
first half and 15 minutes of the second half of a football match. The risk of ankle sprain
could increase in the latter minutes in each half protocol, so the prevention injury training
strategies should focus on the specific duration in soccer match.
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Objective; This study aimed to investigate the training and detraining effects of Tai Chi (TC) on postural
control ability in single leg stance (SLS) by conducting a single-blind randomized controlled trial.
Method: Forty-eight older women were randomly divided into the TC, brisk walking (BW), and con-
trol(C) groups by using computer-generated program. The participants completed a 16-week interven-
tion training and 8-week detraining program. Postural control ability in SLS was tested at the baseline,
16th, 20th, and 24 t h weeks. The primary outcomes included single-leg stance time (Time) and sec-
ondary outcomes included maximal displacement of the center of pressure (COP) in the anterior
—posterior (AP) direction (D-ap), maximal displacement of the COP in the medial—lateral (ML) direc-
tion (D-ml), total length of the COP trajectories (Lng), and 95% confidence ellipse area of the COP
movements (area), mean AP total excursion velocities (V-ap), and mean ML total excursion velocities (V-
ml).
Results: Significant within-group difference compared with the baseline and between-groups difference
compared with control group were found at 16th, 20 th, and 24 th weeks in the TC group and at the
16 th and 20 t h weeks in the BW group in all the primary and secondary outcomes. Most of secondary
outcomes including Lng, D-ml, V-ml, Area increased significantly at the 24 t h week compared with that
at the 16 th week in BW group.
Conclusions: TC was effective in improving postural control ability and maintaining intervention gains,
and was recommended as an appropriate exercise to prevent falls in the older adults.
© 2018 The Society of Chinese Scholars on Exercise Physiology and Fitness. Published by Elsevier
(Singapore) Pte Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

adults, is a significant predictor of falls® in the elderly. Nearly 50% of
falls occur during the single-leg support phase, such as stepping

The risk of falling in the older adults increases with aging.
Approximately one-third of older adults over 65 years of age fall at
least once a year." Falls could result in severe injuries, such as
fractures, head injuries, and even death.” Moreover, the high costs
of health care resulting from falls have placed an enormous burden
on families. The total costs reached about 23.3 billion in the USA
and 1.6 billion dollars in the UK. Declining postural control ability
in single-leg stance (SLS), which is profoundly challenging for older
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over obstacles and climbing stairs.>®

Regular Tai Chi (TC) could improve postural control ability.”* A
cross-sectional study reported that long-term TC practitioners
performed well in SLS tests with their eyes closed,” possessed less
body sway in perturbed single-leg stance,'” leaned further without
losing stability, and showed a good control of their leaning trajec-
tory."" Longitudinal studies also provided evidence of the benefits
of TC for postural control ability. After a 24-week intervention, the
TC group showed significantly shorter total, medial—lateral, and
anterior—posterior center of pressure (COP) sway paths compared
with the control group.” Similarly, another study also corroborated
that a 10-week TC training could decrease the COP path and area
during postural control tests in the older adults.'” Furthermore, TC
exercise could improve joint kinesthesia,” muscle strength in

1728-869X/© 2018 The Society of Chinese Scholars on Exercise Physiology and Fitness. Published by Elsevier (Singapore) Pte Ltd. This is an open access article under the CC

BY-NC-ND license (http:/
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control ability in
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lower extremities, and neuromuscular reaction in older women."”

Although TC has been recognized as an effective exercise to
improve postural control in older adults, few detraining effects on
postural control ability were known. Some older people have
stopped training for various reasons, including diseases, injuries,
and travels, and they may go on retraining. After post-exercise,
some intervention effects on the physical function could start to
diminish."” Nevertheless, few data offered the magnitude and
retention of the maintenance of postural control ability during
detraining periods.

Alternatively, brisk walking (BW) was one of the prevalent
moderate-intensity aerobic exercise forms across all ages. Although
some longitudinal studies have proven that BW could improve
static and dynamic balance abilities and lead to the reduction of fall
risk in the older adults,®'” others affirmed the inconsistent results
on postural stability.® To our knowledge, TC and BW are safe
methods of exercise for older women and require an equivalent
energy expenditure.'” Nonetheless, the detraining effects of both
exercises on postural control ability in older women remained
unclear.

The present study aims to compare the detraining effects of TC
and BW on postural control in the older adults. The following hy-
potheses are formulated: (1) after the 16-week intervention, the
postural control with SLS will improve in both groups, and (2) TC
will be effective for maintaining SLS during a detraining period.

Methods
Study design

A single-blinded randomized controlled trial was designed to
compare the effects of TC and BW on body balance in SLS during a
16-week training and an 8-week detraining (Figure 1). Both TC and
BW groups participated in one 60-min intervention exercises at 5
times a week for 16 weeks. The control group attended group
session with the same schedule as the two intervention groups.
After stopping the exercises, all participants were prohibited to
perform regular exercises for 8 weeks. Postural control ability was
tested at the baseline and at the 16 th, 20 th, and 24 t h weeks.

Participants

Sample size estimation

G*Power software was used to calculate the sample size with
the formula by Hopkins.”” The following data were determined:
effect size = 0.35, two-tailed significance, statistical power =0.8, o
value = 0.05, and drop-out rate =25%.'® So three groups of 48
participants were the required sample size.

Participant recruitment and randomization

48 older women aged 60—70 years were recruited through
newspapers, leaflets, and community advocacy from Jinan city,
China. The exclusion criteria were as follows: having any regular
exercise experience and any records of cardiovascular, neurological,
falling history, and musculoskeletal diseases. All participants were
randomly divided into the TC (n = 16), BW (n = 16), and control (C)
groups (n = 16) by using computer-generated program. This study
was approved by the ethics committee of Shandong Sport Univer-
sity (N0.201613). All the participants were requested to sign a
written informed consent statement. The total study period was 6
months.

Exercise intervention
During the 16-week training periods, each group participated in
a60-min session at 5 times a week for 16 weeks. In addition, at least

64 attendance sessions of 80 (80%) were required for each partic-
ipant among the three groups.

The participants were individually taught to perform a24-form
TC exercise by a qualified TC master in the first 3 weeks. Each
session included a 10-min warm-up, 20-min learning new move-
ment forms, 20-min reviewing learned movements before, and 10-
min cool-down. Subsequently, they practiced with master super-
vision for the 13 weeks. Each session included a 10-min warm-up,
40-min TC, and 10-min cool-down.

Brisk walking was defined as walking at a 1.79m/s speed
value.”! During this exercise, the participants perceived that their
breathing significantly accelerated, that their body got extremely
hot, and that their sweat streamed down.'® A professional
instructor asked the participants to regulate their pace and speed
on a pedestrian road. The time of walking increased from 10 to
40 min progressively over the first 3 weeks and then remained
constant at 40-min for the later 13 weeks. A session consisted of a
10- minutes warm-up, 40- minutes BW, and 10- minutes cool-
down.

The control group was asked to watch TV programs, read
newspapers, or attend healthy education lectures with the same
schedule as the two other groups. However, they were prohibited
to perform any regular exercise and were allowed to maintain their
dietary habits.

During the 8-week detraining, the participants of the three
groups were asked to stop the intervention exercise and any regular
exercise, The researchers called all participants on a weekly basis to
confirm whether they participated in any programmed exercises.

Outcomes

Primary outcomes

The SLS tests were performed to assess postural control ability
in a quiet testing room, which reported good interclass correlation
coefficient (ICC=0.95 to 0.99) and within the rater interclass cor-
relation coefficient (ICC=0.73 to 0.93).°” This measurement pro-
cedure asked the participants to stand on the ground in SLS with
eyes open and closed, arms hanging on the sides of their relaxed
bodies while the other leg was flexed 90° at hip and knee joint.
When the balances with eyes open were tested, participants were
required to gaze at a dot on the wall 2.5 m away. The length of time
was recorded from the moment the participants' foot was off the
floor until it touched the floor again. The SLS with the participants'
eyes open and closed were performed thrice, and the longest one
was selected for analysis. A 1-min break was given between trials.

Secondary outcomes

The tests were performed with a foot pressure plate (RSscan
footscan 2D Balance 0.5 m system).”> Each participant was asked to
stand barefoot in a comfortable self-chosen stance facing the pos-
itive anterior—posterior (AP)direction on a plate with the dominant
leg, which is described as the preferred leg for kicking a football,**
as motionless as possible. The other leg was fixed 90° at hip and
knee joint flexion. Both arms hung relaxed at the sides. Two con-
ditions of standing were tested randomly: one when participants
were asked to perform single-leg standing for 22 s with eyes open
while looking straight ahead at a dot on the wall 2.5m away”’;
another one was when they performed single-leg standing for 12 s
with eyes closed.”® The trial was unavailable and repeated if the
participants moved the supported leg or if the non-weight leg
touched the supporting surface during the testing duration. Three
successful trials of each SLS with eyes open and closed were tested
after two familiarized test procedures. The time interval for breaks
was 1 min between two trials. All measurement procedures were
performed under the supervision of a technician.
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50 elderly women were recruited for eligibility

2 persons were excluded
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y

48 participants were randomized
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Drop-out(n=12): TC(4),
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Figure 1. Flow diagram for randomized controlled trial.
TC, Tai Chi; BW, brisk walking; C, control.
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The data were sampled at 17 Hz and low-pass filtered with a cut-
off frequency of 6 Hz (Butterworth).”* Each trial data of the first and
the last 1s were not considered for stability. Three trial data with
the same visual condition were averaged for analysis. All output
variables were calculated based on the mathematical formula in the
previous study.””** The maximal displacement of the COP in the AP
direction (D-ap), the maximal displacement of the COP in the
medial—lateral (ML) direction (D-ml), the total length of the COP
trajectories (Lng), and the 95% confidence ellipse area of the COP
movements (area), the mean AP total excursion velocities (V-ap),
and the mean ML total excursion velocities (V-ml) were calculated.

Statistical analysis

The SPSS 17.0 was used for data analysis. All variables were
presented as mean + standard deviation. The variables of referring
to four times were named weeky, weekyg, weekzg, and weeky4 in
this study. One-way ANOVA was employed to compare the differ-
ences of the demographic and baseline variables among the three
groups. Two-way repeated ANOVA was used to determine the main
effects of groups, time durations, and their interaction on the
measurements. If any significant main and interaction effects were
found, the Boneferroni method was conducted for post-hoc com-
parisons. The significant level was set at 0.05.

Results
Baseline characteristics of the participants

A total of 50 participants were screened for eligibility; 48 were
qualified and were divided into three groups; and 36 participants
(12, 13, and 11 in the TC, BW, and control groups) completed the
whole 24-week study. Twelve participants dropped out because of
health issues (2C), low attendance rate (3 BW, 3 TC), and no time
(1TC,2C), and for no reason at all (1C) (Figure 1). The characteristics
of the participants were showed in Table 1.

Postural control ability results during the 16-week training period

Tables 2 and 3 show no significant between-groups difference
across all the variables at weeky among the three groups. During
the training periods, after the 16-week interventions, the partici-
pants in the TC and BW groups have significant better within-group
performance than during weekgp and better between-groups per-
formance compared with the control group in all the variables with
the two visual conditions. No significant difference between pre-
and post-exercise in the control group during training periods
existed.

Postural control ability results during the 8-week detraining period

Table 2 shows that during detraining periods, the significant
within-group difference compared with weekpand the significant

between-groups difference compared with the control group were
found across all the variables with the eyes open condition at the
last three tests in the TC group. The significant within- and
between-group differences were found in time, area, V-ap, and V-
ml with eyes open at the last three tests in the BW group. However,
the gains decreased significantly at week;4 in D-ap, D-ml, and V-ml
compared with weekig during detraining periods in the BW group.
No significant difference was found in the control group.

Table 3 shows that during detraining periods, the significant
within-group difference compared with weekg and the significant
between-groups difference compared with the control group were
found across all the variables with the eyes closed condition, except
for D-ml in the last three tests of the TC group. Significant within-
group difference was found in D-ml at week,4 compared with
week; in the TC group. With the eyes closed condition, significant
within-group difference compared with weeky and significant
between-group difference compared with the control group in D-
ml at weeks and weekyo were found during the detraining periods
in the TC group. With the eyes closed condition, significant within-
group difference compared with weeky and significant between-
group difference compared with the control group in Lng, D-ap,
V-ap, and V-ml at weekis, weekzo and weekys were found during
the detraining periods in the BW group. The gains decreased
significantly at weeky4 in time, area, and D-ml compared with
weekg during the detraining periods in the BW group. No signifi-
cant difference was found in the control group.

Discussion

The first hypothesis was demonstrated in the present study. Our
results showed that after the 16-week interventions, the postural
control ability with two visual conditions in SLS improved in the TC
and BW groups, which concurred with previous studies.”**° The
variables assessing postural control, including the medial—lateral,
total, and anterior—posterior path lengths of the COP trajectories,
significantly improved after the TC’ and BW exercise
interventions.'’

Regular physical activities,’ especially moderate-intensity ex-
ercises,”” could be helpful in improving postural control ability.
Both exercises were moderate-intensity exercises with approxi-
mately 55% of maximal oxygen intake.”’>* Several studies corrob-
orated that TC was an effective practice to improve postural
“control.”* A study by Zhou’ examined the effects of 24 weeks of TC
on the postural control of the older adults. The results validated
that positive improvements were found in time, paths, and velocity
of the COP in the TC group. In the current study, positive results
were found after 16 weeks. Although the direct comparisons be-
tween two studies were infeasible because of different exercise
frequencies, participants, and sample sizes, our findings still partly
support that TC could improve postural control.

These positive effects of TC on postural control were related to
various factors. Postural control ability is the integrated result from
the center neural, peripheral nervous, and musculoskeletal

Table 1
The baseline characteristics of the participants.
N Tai Chi Brisk walking Control F value P value
group group group
12 13 11
Age (years) 64.12 +3.21 63.26+2.20 65.36 +4.31 0.712 0.498
Weight (kg) 62.81 +8.37 62.00+7.49 62.63 +7.21 0.004 0.996
Height (cm) 157.56 +£5.45 158.50 + 4.40 156.45 +4.43 2.607 0.089
BMI(kg/m?) 2512+3.19 24.69+2.97 26.21+3.82 0.617 0.546
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Table 2
Comparisons of study variables with eyes open in single leg stance among three groups.
TC group (N=12) BW group (N=13) Cgroup (N=11) time group time x group
P value n% P value n% P value %

Time (second) <0.001 0337 0.014 0.229 0.011 0.152
Weeko 32.73 £16.69 40.80+15.13 3837+13.73
Weeks 55.61+10.20°° 55.03 + 12.80°° 39.94 +8.05
Weekao 54.90 +10.95"° 56.89 +8.78"¢ 41.18 +11.07
Weeksy 54.20 +19.98"° 56.90 +28.55"° 39.18 +8.56

Lng (mm) <0.001 0.346 0.026 0.199 0074 0.108
Week, 42257 +105.56 363.43 £ 104.7 42793 +£1523
Week;s 217.89 £45.82°° 24542 + 80.48°° 375.9£69.78
Weeksy - 260.73 £83.73%° 357.29 £78.42
Weekz4 319.34 +82.98° 276.83 £90.25% 367.22 +£84.32

Area (cm?) <0001 0517 <0.001 0570 <0.001 0.307
Weekg 1.45+0.53 132+061 1.38+0.71
Weeks 040+0.11°° 0.34+0.25° 1.29+020
Weekzo 0.44+0.18%° 0.35+0.24°° 132+0.14
Weekzq 0.38+0.13%° 0.63 +0.38°,° 1.23 + 040

D-ap (mm) <0.001 0.413 0.004 0.280 0.026 0.132
Weeko 30.07 +4.82 28.47 +7.96 2595 +6.71
Week;s 16.52+3.62"° 15.60 +5.64"° 2561+6.51
Weekso 16.46 +3.44"° 1544 +4.45"° 27.59 +6.08
Week;4 16.80 +3.49°° 21.47 + 6.58" 2546 £7.22

D-ml (mm}) <0.001 0528 0.003 0.293 <0.001 0.417
Week, 33.62£11.49 31.97£9.88 3359+£732
Week;g 18.61+6.49"° 16.46 + 6.08%,° 29.26 +3.96
Week;zg 19.48 +8.22°° 16.71 +5.00°,° 28841830
Weeky, 22.85+7.80% 2430+£937" 2818 +5.17

V-ap (mm/s) <0.001 0418 0.002 0302 0027 0.130
Weeko 7.61+261 726+224 7.63 £1.66
Weeks 422+ 147 3.74+1.38°° 6.64 +0.90
Weekszo 443 +1.86",° 379+ 1.13°,° 6.55+1.88
Weeksq 519+ 1.77%° 4,52 +2.58°,° 6.40+1.17

V-ml (mm/s) <0.001 0.524 0.003 0301 <0.001 0413
Weeko 649+1.18 621+173 5.66 + 146
Weelk,g 3.56 + 0.83%,° 341+1.22°° 558141
Weeksg 3,54+ 0.79°,° 336+ 0.97°,° 6.02£1.32
Weeks4 362+081°° 468 +1.43" 555x1.57

Abbreviations: Time, the single-leg stance time; Lng, the total length of the COP trajectories; Area, the 95% confidence ellipse area of the COP movements; D-ap, the maximal
displacement of the COP in the anterior—posterior direction; D-ml, the maximal displacement of the COP in the medial—lateral direction; V-ap, the mean AP total excursion

velocities; V-ml, the mean ML total excursion velocities.
2 Denotes significant difference compared with the weekg value within each group.

b Denotes significant difference compared with the week,g value within each group.

€ Denotes significant difference compared with the control group.

systems. Physical function declines with aging; however, regular TC
could reshape brain structures, such as thickened cortex in the
precentral gyrus and insula sulcus in the right hemisphere’* and
improve lower limb strength,'* ankle and knee joint propriocep-
tion,* and neuromuscular reaction ability."” The abovementioned
factors could help to improve balance and postural control after the
intervention in the older adults. Moreover, BW is a popular
moderate-intensity exercise, which could also enhance physical
function similar to TC.*” Our results were consistent with those of
previous studies,'®'™® which indicated that after a 12-week BW, the
participants significantly performed well in the postural control
test.

Interestingly, no significant between-group difference was
found in all variables at week;s between the TC and BW groups. To
the authors' knowledge, a 4-week TC*® and a 12-week BW'®'®
could significantly improve postural control. Perhaps, TC was
more efficient than BW in improving postural control. In our study,
16 weeks could be sufficiently long to improve postural control for
the two intervention exercises. However, only two tests were per-
formed before and after the intervention in the present study, and
no more data to support our speculation came to light.

The second hypothesis was proven as follows: according to our
data, during 8-week detraining periods, all variables with two vi-
sual conditions, except for D-ml with eyes closed in a single stance,

indicated no significant decline in the TC group. The results
confirmed that the maintenance of intervention gains for 8 weeks
was good in the TC group. Our results were consistent with the
findings from the study by Li et al.® The results corroborated that
the gains of postural stability were maintained during the 12-week
detraining periods.® The underlying mechanism can be attributed
to the following factors in the present study. First, as aforemen-
tioned, regular exercise could have positive effects on the central
nervous, musculoskeletal, and peripheral nervous systems to
improve balance control. Once the plastic structure and physical
function changes were established, adequate time to return to the
original condition after the post-intervention would be necessary.
In the present study, some decreasing trends emerged, but no
significant differences came to light. The 8-week detraining may be
insufficient to observe significant changes. This standpoint was
supported by Miles and Eighmy's study,”” which showed that
experimental monkeys who wore telescopic, fixed-field, and dove
prism spectacles for one week experienced vestibule-ocular reflex
changes. However, after gaining adaptive reflex, the monkeys
needed many days to readapt and readjust the vestibule-ocular
reflex once the spectacles were off.”” Moreover, another study'’
also proved that the improved proprioception at the ankle joint
in the TC groups did not significantly decrease after the 8-week
intervention was stopped. Finally, intervention exercises could
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Table 3
Comparisons of study variables with eyes closed in single leg stance among three groups.
TC group (N=12) BW group (N=13) Cgroup (N=11) time group time x group
P value % P value 2 P value n%
Time (second) <0.001 0.576 0.005 0.271 <0.001 0373
Weeko 1678 +7.10 15.63 +8.30 1826+ 7.63
Weeks 31.68 +12.4"° 19.11+£8.19
Weekag 31.45+11.44° 19.89+6.93
Weekaq 35.53 +£12.09° 26.76 +11.61%," 20414755
Lng (mm) <0.001 0.669 <0.001 0.575 <0.001 0.511
Week, 519.51 £ 105.54 582.20 + 85.69 54579 £ 98.21
Week; 194.70 + 83.76%° 227.52+113.06%° 558.55 £ 90.29
Weeksyy 231.19£85.79°° 24195+ 97.73"° 553.50 = 8870
Weekyq 27814+ 95.06% 278.43 £105.95%¢ 518.98 + 104.9
Area (cm?) <0.001 0.362 0.002 0304 0.072 0.108
Weekg 250+1.15 2.28+0.86 2.46+091
Weekg 1.14+097°F 1.25+0.94° 217 £0.71
Weekao 1.40+£0.81"° 1.39+0.81%° 2.05+1.00
Weekaq 1.58 £0.71%F 1.69 +0.93" 210+ 1.10
D-ap (mm) <0.001 0.401 <0.001 0377 <0.001 0232
Weekg 41.15£6.12 40.07 +£7.55 38.96 + 9.50
Week;s 25.88 + 8.957° 21.54+7.38"° 37.98+7.02
Weekag 29.17 + 847" 24.69+8.15"° 3840+7.14
Weeksq 29.63 +£10.19° 25.70 £9.06%° 39431965
D-ml (mm) <0.001 0418 <0.001 0.401 <0.001 0.289
Weeky 39.33+885 41.75+£6.24 38.96+9.50
Weekg 25.40 +9.83"° 30.52 + 14.98° 36.16+8.72
Weekyq 28.96 +10.47%, 35.66 + 17.25°, 33.86+598
Weekyq 36.17 +10.22° 36.36 + 17.68" 35.80+10.12
V-ap (mmy/s) <0.001 0405 0.005 0269 0.045 0.119
Weeko 13.92 +2.68 1269+211 1262+3.45
Week;s 7.93 £2.72°F 7.80 +2.84° 10.31£3.07
Weekzo 9.53 +2.33°° 8.91+3.10°° 10.13 £3.32
Weekaq 939 +2.11°° 9.39+2.25"° 10.54 £ 3.61
V-ml (mm/s) <0.001 0.376 <0.001 0.358 <0.001 0.213
Weekg 748 £1.11 7.28 +1.61 7.08£1.72
Week; g 471 £1.62°° 3.91+092°° 6.91+1.27
Weeksyq 530+1.53"° 448 +1.36%° 6.98+1.29
Weeksyy 538+1.85"° 467 £141°° 717175

Abbreviations: Time, the single-leg stance time; Lng, the total length of the COP trajectories; Area, the 95% confidence ellipse area of the COP movements; D-ap, the maximal
displacement of the COP in the anterior—posterior direction; D-ml, the maximal displacement of the COP in the medial—lateral direction; V-ap, the mean AP total excursion

velocities; V-ml, the mean ML total excursion velocities.
2 Denotes significant difference compared with the weeky value within each group.

b Denotes significant difference compared with the week, value within each group.

¢ Denotes significant difference compared with the control group.

improve balance control and decrease the incidence rate of falls.®
The older adults could reduce the fear of falling and increase
difficult physical activities in daily life. Conversely, these physical
activities possibly further delayed the reduction of balance control.

In the BW group, a significant difference was found at week,4
compared to weekyg. Postural control ability improvements were
fully maintained for 4 weeks and partly for 8 weeks in the BW
group. The differences on the maintenance of intervention gains
during the detraining periods between TC and BW could be caused
by different movement characteristics. Tai Chi referred to
body—mind movements that required upper extremities to move in
coordination with squatting leg movements and eyes to follow the
hands. These characteristics may improve coordination of eyes,
upper body, and lower extremities and be helpful to enhance
postural control ability.”* Moreover, participants concentrated their
attention on slow movements of TC in practicing, which could
improve cognitive function.* However, compared with TC, BW was
a subconscious movement needing less coordination and concen-
tration from participants.

It is noteworthy that in the present study, during the detraining
periods, D-ml on two visual conditions and V-ml without vision at
weekayy significantly increased compared with weeks in the BW
group. This result validated that the balance control maintenance
effectiveness of BW in the ML direction was poor. The lack of

balance in the ML direction could lead to falls, which was an
important indicator of the risk of falling."” The poor maintenance
effectiveness with eyes closed in single leg stance could be related
to BW movement characters and visual condition. Walking move-
ments, including the ankle/knee joint flexion and extension,
repeatedly occurred in the sagittal plane. This special uniaxial
movement character may be helpful for improving the musculo-
skeletal system function in the AP direction but not in the ML di-
rection. In addition, the visual information input system was
important for postural control. The balance control sway without
visual feedback could increase by 20%—70% and rely on joint pro-
prioceptive and vestibular feedback in the older adults.”” However,
a study affirmed that the ankle joint proprioception in the ML di-
rection did not significantly improve during the 16-week BW."* The
abovementioned factors may lead to poor postural control ability
maintenance in the BW group. Therefore, the author recommends
that the older adults could take TC to control balance in the ML
direction.

This study has three limitations. First, only female participants
were recruited; hence, the effects of the two exercises on the bal-
ance control with SLS in older men were not detected. Second, 8
weeks was not sufficiently long to measured significant differences
during detraining; thus, further study should prolong the detrain-
ing periods. Thirdly, only 36 participants completed the entire 24-
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week study, so the findings of this study should be interpreted with
caution. Further studies with large sample sizes should be required
to determine the detaining effects of TCC and BW intervention on
balance in elderly.

Conclusion

The 24-form TC and BW significantly improved postural control
ability with SLS after the 16-week training in older women. During
the 8-week detraining, the gains of intervention were fully main-
tained in the TC group and partly maintained in the BW group.
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