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showed significant differences (p<0.05) for the demi-plié in preparation for sissonne fermée de céte,
sauté, and pirouette en dehors when compared to the execution of the simple demi-plié. “All frequency
bands” represent significant differences regarding alpha, low-beta, and high-beta, and “r-all” represents all
relative measures of alpha, low-beta, and high-beta frequency bands. The symbol (§) indicates when the
demi-plié showed higher power than the demi-plié prior to other movements. M1 - primary motor area,

SMA - supplementary motor area, and PMC - premotor cortex
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ABSTRACT

Introduction: A basic coordinated movement in classical ballet is the demi-plié, involving a
smooth, continuous bend of the knees, keeping the thighs in external rotation (turn out) and
heels on the ground. It consists of descending and ascending phases, the latter often preparing
for the next move. Task goals may influence its coordination patterns, which raises questions
regarding hypothetical changes in coordination modes varying with the demi-plié end-goal, with
possible implications on interlimb coordination, muscular activation patterns, and brain cortical
activation. Therefore, the aim of the present dissertation is to demonstrate whether or not
different task goals require specific modes of coordination during the demi-plié performance
linked to other ballet movements.

Methods: Thirteen classical dancers (10 female, 3 male) voluntarily participated in the
experiments. Sensing technology such as motion capture, surface electromyography (EMG),
and electroencephalography (EEG) were used to collect data. The experimental design involved
the simple demi-plié performance and in preparation for four other ballet movements such as:
demi-plié prior to relevé (i.e., heel rises); demi-plié prior to sauté (i.e., vertical jumps); demi-plié
prior to sissone fermée de cété (i.e., jumps with lateral body displacement), and; demi-plié prior
to pirouette en dehors (i.e., outward turns). Data analysis involved isolating the demi-plié from
the subsequent movements, followed by analysis involving the dissimilarities of the hip vertical
trajectory, knees joint angles and angular velocities, muscular activation patterns, and brain
activation of the sensorimotor cortex.

Results: The results obtained from all analysis showed distinctions in the coordination patterns,
muscular activation pattern, and brain cortical activation when the demi-plié has different
end-goals. Dissimilarities of the maximum hip trajectory differences were observed in 40% for
demi-plié prior to sauté, 30% prior to sissonne fermée de cété, 20% prior to relevé, and 10%

prior to pirouette en dehors. Dissimilarities began in the descending phase of the demi-plié.
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ANOVAs for repeated measures and Bonferroni’s post-hoc showed that the standard deviation
of dissimilarity had the largest effect size for the comparison demi-plié - demi-plié prior to sauté,
and the smallest for the comparison demi-plié - demi-plié prior to pirouette. Differences in
coordination patterns in regards to the knees joint angles and angular velocities were found
during the demi-plié performance in all five experimental conditions, showing coherence
amongst all participants. Descriptive analysis focused on each muscle individually, and
comparisons were made amongst the muscles for each experimental condition. Results showed
significantly different patterns of muscular activation depending on the demi-plié end-goal. Effect
size was high for each muscle, but small when compared together for each experimental
condition. Significant differences were prevalent amongst the demi-plié in preparation for
complex movements such as jumps and turns. Wavelet spectrograms showed distinct patterns
of brain activation for all experimental conditions, and statistical analysis showed differences in
synchronizations amongst the frequency bands alpha, low-beta, and high-beta.

Discussion: Ballet dancers may learn multiple patterns of execution of the demi-plié when it
comes to performing subsequent complex ballet movements. Demi-plié prior to jumps demands
plyometric forces and have open-loop motor planning, requiring acceleration, whereas demi-plié
is a closed-loop, relying on proprioceptive updating. Differences in muscular activation during
the demi-plié prior to other ballet movements seem to occur due to strategic anticipation
foreseeing the next movement. The sensorimotor cortex seems to display different orders of
activation depending on the demi-plié end-goal. Despite the differences in coordination patterns,
some demi-pliés are more similar than others. We assume that the level of complexity of the
ballet movement plays a role in making anticipatory adjustments in the coordination of the

demi-plié.

Keywords: coordination pattern; brain activation; muscular activation pattern; classical ballet;

demi-plié
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RESUMO

Introdugao: Um movimento basico coordenado no ballet é o demi-plié, que envolve uma flexao
suave e continua dos joelhos, mantendo as coxas em rotagao externa e os calcanhares no
chao. O demi-plié consiste em fases descendentes e ascendentes, esta Ultima muitas vezes
preparando para o proximo movimento. Os objetivos da tarefa podem influenciar seus padrbes
de coordenacido, o que levanta questbes sobre mudancas hipotéticas nos modos de
coordenagdo que variam de acordo com o objetivo final do demi-plié, com possiveis
implicagdes na coordenagao entre membros, padrdes de ativagao muscular e ativagao cortical
cerebral. Portanto, o objetivo da presente dissertacdo € demonstrar se diferentes objetivos de
tarefas requerem ou nao modos especificos de coordenacgao, durante a execug¢ao do demi-plié
vinculado a outros movimentos do ballet.

Métodos: Treze bailarinos classicos (10 mulheres e 3 homens) participaram voluntariamente
dos experimentos. Tecnologia como captura de movimento, eletromiografia de superficie (EMG)
e eletroencefalografia (EEG) foram usadas para recolher dados. O desenho experimental
envolveu a execucao do demi-plié simples e na preparacao para outros quatro movimentos de
ballet, tais como: demi-plié antes do relevé (ou seja, elevagdo dos calcanhares); demi-plié
antes do sauté (ou seja, saltos verticais); demi-plié antes do sissone fermée de cété (ou seja,
saltos com deslocamento lateral do corpo), e; demi-plié antes da pirouette en dehors (ou seja,
voltas sob uma perna de apoio). A analise dos dados envolveu o isolamento do demi-plié dos
movimentos subsequentes, seguido pelas analises envolvendo as diferengcas da trajetéria
vertical do quadril, &ngulos articulares dos joelhos e suas velocidades angulares, padrdes de
ativacdo muscular e ativacao cortical cerebral.

Resultados: Os resultados obtidos em todas as analises mostraram distingdes nos padroes de
coordenacdo, no padrdao de ativacdo muscular e na ativacdo cortical cerebral quando o

demi-plié tem obijetivos diferentes. Dissimilaridades da trajetéria maxima do quadril: diferengas

18



de 40% para o demi-plié antes do sauté, 30% antes do sissonne, 20% antes do relevé e 10%
antes da pirouette. As diferengas comegaram na fase descendente do demi-plié. As ANOVAs
para medidas repetidas e o post-hoc de Bonferroni mostraram que o desvio padrdo de
dissimilaridade teve o maior tamanho de efeito para o par demi-plié - demi-plié antes do sauté,
€ 0 menor para o par demi-plié - demi-plié antes da pirouette. Diferencas nos padroes de
coordenacdo em relagdo aos angulos articulares dos joelhos e velocidades angulares foram
encontradas durante a execucdo do demi-plié em todas as condigbes experimentais,
mostrando estabilidade entre todos os participantes. A analise descritiva focou em cada
musculo individualmente, e foram feitas comparagdes entre os musculos para cada condigao
experimental. Os resultados mostraram padrbées significativamente diferentes de ativagao
muscular dependendo do objetivo final do demi-plié. O tamanho do efeito foi alto para cada
musculo, mas pequeno quando comparado em conjunto para cada condigdo experimental.
Diferengas significativas prevaleceram entre os demi-pliés na preparagdo de movimentos
complexos, como saltos e voltas. Os espectrogramas wavelet mostram padrbes distintos de
ativagao cerebral para todas as condi¢cdes experimentais.

Discussao: Os bailarinos classicos podem aprender varios padrdes de execugao do demi-plié
quando se trata de executar movimentos subsequentes de ballet. O demi-plié que antecede os
saltos exige forgcas pliométricas e possui planejamento motor em malha aberta necessitando de
aceleracao, enquanto o demi-plié simples € um circuito fechado, contando com atualizagao
proprioceptiva. As diferencas na ativacdo muscular durante o demi-plié que antecede outros
movimentos de ballet parecem ocorrer devido a antecipagéo estratégica que prevé o proximo
movimento. O cértex sensério-motor parece exibir diferentes ordens de ativagao dependendo
do objetivo final do demi-plié. Apesar das diferengcas nos padrdes de coordenacao, alguns
demi-pliés sdao mais semelhantes que outros. Presumimos que o nivel de complexidade do
movimento de ballet desempenha um papel importante na realizacdo de ajustes antecipatérios

na coordenagao do demi-plié.
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Palavras-chaves: padrdo de coordenagédo; ativagdo cerebral; padrdo muscular de ativagio;

ballet classico; demi-plié
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CHAPTER 1:

General Introduction
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1.1 INTRODUCTION

In human movement, coordination refers to the organization of motor system degrees of
freedom (DOF). Bernstein (1967) posited that coordination is achieved by grouping DOF to form
units of control that are functionally specific, termed synergies.

Human movement skills as classical ballet require coordination at three levels of
analysis: i) muscular coordination, ii) interlimb coordination and, iii) coordination between brain
and behavior (Kelso 1995; Kelso et al. 2018). Debaere and colleagues (2001) report that
coordination is not managed by a specific brain area, yet it requires a general increase in the
activation of a complete motor network that is distributed across cortical and subcortical regions.
Changing the task goal may change brain dynamics and consequently interlimb coordination,
leading to changes in coordination patterns.

A basic coordinated movement in classical ballet is the demi-plié, which can be defined
as a smooth, continuous bending of the knees until just below the hips, while maintaining
turnout at the hip joints, allowing the thighs and knees to be directly above the toes line whereas
the heels remain on the floor (Coker et al. 2015; Imura & lino 2016; Kim & Kim 2016). The
demi-plié movement consists of two phases: descending phase and ascending phase. During
the descending phase, the dancer lowers their body by flexing their knees and ankle joints
simultaneously, with external rotation of the hips, while maintaining heels on the floor and
minimum pelvic tilt with an upright posture. The descending phase is critical for developing
lower limb strength, as it requires the activation of several muscles at the same time. The
ascending phase of the demi-plié is initiated by the upward movement of the pelvis, which
extends the thighs, knees and ankle joints simultaneously. The muscles of the lower limb work
to accelerate the upward movement and control the ascent. The ascending phase is often in

preparation for subsequent muscles.
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Even though the demi-plié is relevant to perform other dance movements, there is little
scientific description of the demi-plié movement at the kinematic and muscular activity level
(Trepman et al. 1994; Gontijo et al. 2015; Coker et al. 2015; Couillandre et al. 2008), and no
scientific description of cortical brain activation. The description of the demi-plié at any of these
levels can provide information to better understand coordination patterns while performing this
basic ballet movement, raising research questions as:

- Is motor coordination required to perform a demi-plié affected due to changes in the task
goal?

- During the performance of a demi-plié are there different muscular patterns of activation
related to different end-goals?

- lIs it possible to characterize differences in brain cortical activation when the demi-plié has a
different end-goal?

Being more specific, how does the coordination at muscular, interlimb and brain cortical
activation level change when the demi-plié is coupled with other ballet movements such as a
jump or a turn?

Aiming to answer these questions, we analyzed the demi-plié itself and linked with four
other ballet movements: demi-plié in preparation for heel rises (i.e., relevé), demi-plié in
preparation for vertical jumps (i.e., sauté), demi-plié in preparation for lateral displacement of
the body (i.e., sissonne fermée de cété), and demi-plié in preparation for turning outward (i.e.,
pirouette en dehors). We hypothesized that different movements associated with demi-plié
would show differences at interlimb, muscular, and brain cortical activation level.

To illustrate, both sauté and pirouette en dehors begin with a demi-plié, however, they
clearly differ in goals. A sauté has the goal to achieve the highest height, whereas a pirouette en
dehors has the goal to perform a balanced and fluid pivot in one leg. These different task goals
may lead to differences in the coordination of the demi-plié at all levels of organization. For

instance, Coker and colleagues (2015) explain that the demi-plié and the sauté are foundational
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movements in classical ballet, but with differences in their sensorimotor planning requirements.
The demi-plié is a closed-loop movement that relies on proprioceptive updating, whereas the
sauté is a ballistic movement that is more typical of open-looping planning.

In summary, the aim of the present dissertation is to demonstrate that the apparent same
demi-plié with different task goals, require specific modes of coordination expressed by

differences on kinematic, muscular and brain activation.

1.2 OBJECTIVES

The present dissertation is divided into five studies.

The first study was of our interest to better understand what had been done in science
in terms of utilized tools to measure ballet movements. Due to that, we designed a systematic
review (Quadrado et al. 2022) as part of the present dissertation, in order to compile all the
sensing technology used to capture ballet movements, as well as to list which ballet movements
have been studied so far and what type of ballerinas were the main subjects of analysis. A
detailed description of the systematic review is in Chapter 4. The systematic review guided us in
developing the methodology applied in this research, selecting the sensing technology to
capture the demi-plié data and the subsequent ballet movements through techniques such as
motion capture to analyze movement kinematics, electromyography (EMG) to analyze muscular
activation, and electroencephalography (EEG) to analyze brain cortical activation.

The second and third studies aimed to describe the demi-plié movement at the
kinematic level, seeking to find possible dissimilarities in the vertical hip movement trajectory,
and possibly distinguish differences in coordination patterns when the demi-plié has different
end-goals. In other words, how lower limbs and knees joints adjust to each other to perform a
coordinated movement, resulting in a fine motor control that leads to smooth transitions

between movements, thus creating aesthetic beauty as seen in ballet movements.
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The fourth study aimed to identify possible differences in muscular patterns of
activation when the demi-plié has a different end-goal, as well as to analyze muscular activation
in both descending and ascending phases of the simple demi-plié movement and when it is in
preparation for subsequent ballet movements.

The fifth study aimed to analyze the brain dynamics of the sensorimotor cortex (i.e., the
primary motor cortex ‘M1’, premotor cortex ‘PMC’ and supplementary motor area ‘SMA),
analyzing the frequency bands alpha (8-13 Hz), low-beta (13-18 Hz), and high-beta (18-30 Hz),
as it has been well documented that these frequency bands of oscillatory activity show
coherence with motor control (Ushiyama et al. 2010). To the best of our knowledge, there are no
previous studies regarding brain cortical activation in ballet movements. Previous research is
strictly related to visual and kinesthetic imagery, giving us insights about the areas of the brain

involved during imagery of motor actions but not during the performance of ballet movements.

1.3 DISSERTATION STRUCTURE

This chapter explains the research questions that we previously addressed and outlined,
and how we intended to accomplish our goals. Chapter 2 explores relevant literature and
identification of gaps in the field of ballet research that were addressed by this research.

Chapter 3 establishes the research design for the five studies. It details data collection
methods and analysis, and the selection of participants to perform the experiments. The
following Chapters 4 through 8 compile the scientific articles produced throughout the PhD
program in order to answer the research questions and confirm or refuse hypotheses. To the
date, we have two studies already published (article 1 and 2), and three other studies (articles 4,
4 and 5) under peer-review. All submitted articles were in Q1 journals with established ISI

Impact Factor or SClmago journal rank.
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Chapter 9 describes a general discussion and conclusions by summarizing the findings
from the substantive chapters and synthesizing them to outline potential limitations to this
research, as well as to elaborate the development of future research in classical ballet. It
discusses how this research contributes to existing knowledge and provides new insights about
coordination during the demi-plié movement.

References used in the dissertation are presented at the end of Chapter 9, adopting
alphabetic order.

References used for the scientific production of the five articles are listed at the end of
their respective chapters (Chapters 4 through 8), adopting the format used upon submission to
scientific journals.

Where used, ballet terminology and vocabulary are italicized.
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CHAPTER 2:

Literature Review
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2.1 CLASSICAL BALLET

It is widely known that ballet is complex and highly technical. Simply by watching it one

gets a sense of the precision, detail and exactitude of ballet movement. Classical ballet as it is
performed on stage by elite professionals is far removed from everyday movement and it
requires years of dedicated training and development through formalized methods. Ballet is a
highly codified system which possesses its own vocabulary that is governed by underlying
principles such as turnout, line and coordination, as well as syntax which dictates how steps and
movements are arranged into sequences according to the logic of the style (Bannerman 2014).

Ballet is explicitly taught through progressive sequences or exercises, which begin with
simple movements and expand into more elaborate, complex movements as skill develops. For
example, early levels of ballet training develop foundational positions in exercises that are
relatively short and segmented in that they tend to focus on one or two particular steps in a very
basic arrangement (Lambrinos 2019).

The literature in ballet is broad, ranging from popular manuals, guides and dictionaries of
ballet aimed toward dancers and teachers (Foster 2010; Grant 2014; Kant 2007; Kneeland
2012; White 1996), to academic studies that explore how dance develops particular identities
(Pickard 2013, 2015; Sumanapala et al. 2018; Wulff 1998) and scientific knowledge regarding
motor behavior and biomechanics (Gontijo et al. 2015; Gorwa et al. 2020; Imura & lino 2016,
2018; Lott 2019; Lott & Xu 2020; Wyon et al. 2013), elucidating aspects of movement
performance by providing frameworks of the ballerina body and ballet movements. In particular,
since the early 1960s, literature shows research approaches regarding movement performance
of the human body from the dance perspective.

Scientific research in classical ballet has evolved in the past decades. Several literatures
and systematic reviews have been published in the past decade on the topic of classical ballet,

some of them addressing issues such as injuries and rehabilitation processes, finding and
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compiling techniques that may help dancers to prevent injuries or to recover from them (Letton
et al. 2020; Smith et al. 2015; Storm et al. 2018 Trentacosta et al. 2017), and others regarding
motor behavior and biomechanics analysis associated with ballet (Chang et al. 2016; Krasnow
et al. 2011; Rangel et al. 2020; Yan et al. 2011). Research regarding brain cortical activation has
been done from the perspective of motor imagery and associations, some using functional
magnetic resonance image (fMRI) (Abraham et al 2016, 2019; Calvo-Merino et al. 2005;
Golomer et al. 2008, 2009; Miller et al. 2010), and others using EEG (Angelopoulou et al. 2023;
Di Nota et al. 2017; Gonzalez-Rosa et al. 2015; Orlandi et al. 2020) To the best of our
knowledge, there are no studies to this date analyzing brain cortical activation during the

performance of a ballet movement, using tools such as EEG.

2.1.1 The demi-plié movement

When starting ballet training, one of the first movements the ballet dancer learns is the
plié, which in French means “bent”. This basic movement is used in jumps and turns to provide
spring, absorb shock, and as an exercise to loosen muscles and to develop balance (Imura &
lino 2016). Performed in all of the five basic foot positions of classical ballet (Gorwa et al. 2020),
pliés may be shallow, so that the heels of the ballet dancer remain on the floor (i.e., demi-plié),
or deep, so that in all foot positions (except the second position) the heels rise (i.e., grand-plié).
The plié movement is not only considered a basic movement, but also the mental foundation of
ballet, as it is used to begin almost all ballet movements.

Pliés are used to prepare the ballerina body to open the pelvis and facilitate lateral
rotation of the lower limb (turnout), as well as to strengthen and lengthen the abductors
muscles. Pliés are also used to build strength in the hamstring muscle, to stretch the Achilles
tendon, and distribute the energy throughout the metatarsals (Gontijo et al. 2015). Far from

being simple, ballet schools teach the plié movement along the course of eight years, always
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beginning the routines of classes with sequences of exercises for demi-plié and grand-plié, both
in the barre and in the center, which is a common structure of a ballet class. For beginners, the
didactic used to teach the plié movement takes into consideration the control of the pelvis,
avoiding forward rotation in an anterior tilt as a result of the rectus femoris action (Couillandre et
al. 2008), as the dancer must avoid hyper lordosis, abdominal protrusion and anterior shoulder
position. For the professional dancer, the plié is performed in several combinations with other
ballet steps and positions, often used to warm up the body and maintain pelvic and lower limb
flexibility acquired throughout years of training.

Despite its artistic importance and apparent simplicity, anecdotal evidence suggests that
95% of dancers do not perform pliés correctly, while many dancers, teachers, and health
professionals remain surprisingly unaware of the biomechanics and anatomy of this primary and
fundamental movement (Couillandre et al. 2008). In terms of research, the demi-plié has so far
attracted some scientific attention, aiming to describe the kinematics of the demi-plié (Gontijo et
al. 2015), muscles in the lower limb involved in the demi-plié (Trepman et al 1994; Couillandre
et al. 2008), and pelvic stability of the demi-plié (Coker et al. 2015).

The demi-plié movement is known for presenting two distinct phases; descending and
ascending. The descending phase demands great external rotation (turnout) of the hip joints, as
well as fine alignment between the knees and the toes, relying on the minimum pelvic tilt for
stabilization of the posture and balance. Classical ballerinas present greater turnout of the hips,
hence more technique to perform demi-plié in comparison to modern dancers (Trepman et al.
1994). Conversely, the ascending phase of this movement is often in preparation for a
subsequent movement such as a jump, a turn or a body displacement in space, so it will require
postural adjustments and differences in ground reaction forces in order to get the necessary
impulse and mechanics for next steps. Muscular activation will also vary in the descending and
ascending phases, as the demi-plié is a plyometric movement and it will work respecting

agonist-antagonist muscle function activation. For instance, it has been described that the
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tibialis anterior is active only during the descending phase, for both classical and modern
dancers, and the vastus lateralis and medialis behave similarly to each other, with increase in
the end of the descending phase, followed by decreasing activity as the ascending phase
begins (Trepman et al. 1994).

The presence or absence of muscular activity in each phase of the demi-plié is important
to characterize the muscle use during this movement. Previous research has shown significant
differences in muscle activation between classical and modern dancers depending on the phase
of the demi-plié. Trepman and colleagues (1994) described that the demi-plié is often initiated
with little or no lower extremity EMG activity. As the demi-plié progresses, knee flexion in the
descending phase, stabilization at midcycle, and extension during the ascending phase all
appear to be actively controlled by the quadriceps muscles, as previously observed in

non-dancers performing a squat movement (Basmajian et al. 1972).

2.2 COORDINATION PATTERNS OF BALLET MOVEMENTS

Coordination patterns in classical ballet have been studied and linked to various aspects
of ballet performance and training. Previous research has explored how coordination patterns
are manifested in motor behavior and brain activity, emphasizing their importance in the neural
and physical aspects of ballet.

Kelso and colleagues (2018) demonstrated a significant link between physical movement
patterns and brain activity in dancers, highlighting that coordination patterns observed in a ballet
dancer’s behavior are also mirrored in their brain signals. Such findings suggested that the
study of movement coordination in ballet can serve as a valuable tool for probing and
understanding the brain functions in individual subjects. It emphasizes the potential of using
ballet as a medium to explore broader neurophysiological concepts, revealing how intricately the

brain and body are connected in the context of complex and coordinated movements, such as
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those required in classical ballet. Years of ballet training are shown to alter how the central
nervous system (CNS) coordinates muscle movements for walking and balancing. This
adaptation indicates a profound restructuring of the modular organization of balance control in
response to the rigorous demands of ballet technique (Sawers et al. 2015).

In another study on multi-segmental postural coordination in professional ballet dancers,
Kiefer and colleagues (2011) observed that the coordination patterns depend on various
parameters of the motor action goals, such as frequency and amplitude. The authors found that
ballet dancers exhibit increased coordination stability, possibly due to enhanced neuromuscular
control or perceptual sensitivity. This stability is important for dancers to perform complex
balance tasks, indicating a high level of proficiency in managing the constraints of ballet
movements.

Classical ballet technique requires specific motor actions that demand precise spatial
and temporal coordination of multi-joint limb movements along with postural control. High levels
of postural control are paramount for ballet dancers to achieve an optimal aesthetic level in their
performances, as well as it plays a role in reducing the risk of musculoskeletal injuries. The
exceptional postural control observed in ballet dancers is a direct outcome of the intricate
coordination patterns they master (Janura et al. 2019). These patterns, refined through rigorous
training, enable dancers to maintain balance and control over their movements, demonstrating

the importance of coordination in both the artistry and the safety aspects of ballet technique.
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CHAPTER 3:

Research Design
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3.1 SELECTION OF PARTICIPANTS

Participants were 13 classical ballet dancers (10 females, 3 males), ages ranging
between 20 to 45 years old, with at least 6 years of experience in classical ballet and currently
active in the modality. The sample size was determined using F-tests (ANOVA, Repeated
Measures, Within Factors) for 1 group and 5 measurements, a medium effect size of 0.25, an
alpha error probability of 0.05, a beta error probability of 0.20, and a correlation amongst
repeated measures of 0.75, which provided a total sample size of 12 subjects. This procedure
was performed using the GPower software (version 3.1.9.7, Universitat Disseldorf, Germany).

Demographics of the participants varied between college students, characterized as
pre-professional dancers, professionals, currently working in professional dance companies,
and amateurs, characterized as practicing ballet classes as hobby or for leisure (for detailed
information, see Table 1 displayed in Chapters 5 through 8). All participants have signed an
informed consent for voluntary participation in the experiments (please see Appendix A), and
answered questionnaires regarding ballet experience, injuries, and demographics (please see
Appendix B). Participants were healthy subjects and have not presented with any sort of injury
within 6 months prior to the experiment date.

The research was approved by the Ethical Committee of the Faculty of Human Kinetics,
University of Lisbon, (protocol number 32/2020) in accordance with the latest version of the

Declaration of Helsinki for experiments in humans.

3.2 DATA COLLECTION

The kinematic analysis room contained eight infra-red cameras (Optitrack Prime 13),
with sample rate at 100 Hz, and displayed in the umbrella formation. The room had linoleum
flooring, commonly used in ballet classes and theater stages, and dimmed lighting to avoid

interference or distraction.
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EMG data was recorded using two portable devices (BlTalino MuscleBIT, Plux
Biosignals) (Batista et a. 2014), one for each leg, attached to a small pouch placed around the
waistline of the participants. Each device had four channels, each connected to a twined cable
and snap buttons for pairs of surface disposable electrodes (Ag/AgCl). Electrode pairs were
placed in a bipolar configuration along the longitudinal axis and belly of the selected muscles:
tibialis anterior (TA); gastrocnemius medialis (GM); rectus femoris (RF); and long head of the
biceps femoris (BF), bilaterally for all the participants. The inter-electrode distance was 1.5 cm.
The correct placement was confirmed by manual muscle testing performed by an experienced
researcher, and visual inspection of the raw EMG signal by the experimenter. The ground
electrode was placed over the right lateral malleolus of all participants. The same researcher
was responsible for the electrodes’ placement in every participant. After familiarization,
participants reported no serious impediment, of either electrodes or cables, in performing the
referred ballet movements. The EMG devices were connected via Bluetooth to a computer, and
data was captured at a sample rate frequency of 1000 Hz. Before placing the electrodes, skin
was shaved when needed, cleaned with alcohol, and slightly abraded to further reduce skin
resistance, in accordance with the SENIAM recommendations (Hermens et al. 2000).

After placement of the EMG apparatus, participants wore a non-reflective black suit, with
four reflective spherical markers of 3 cm of diameter located bilaterally in the pelvis to
characterize the position of the posterior superior iliac spine (PSIS) and anterior superior iliac
spine (ASIS), as well as four sets of three reflective markers, located bilaterally in the outer
thighs and shanks to characterize the knees joint angles based on lower limbs segments
relative angles, respecting the Calibration Anatomic System Technique (CAST) method for
motion capture (Cappozzo et al. 1995). Participants wore soft ballet shoes, regularly used in
ballet training. A metronome was set at 64 bpm to encompass the rhythm and cadence of the

demi-plié movement.
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Brain cortical activity was captured through EEG technique (ENOBIO® EEG Systems,
Neuroeletrics), with 8 channels and sample rate frequency of 500 Hz, for the respective motor
areas: C3, C1, Cz, C2, C4, F3, Fz, and F4. The dry electrodes were placed according to the
10-10 international system, offering more localized measurements (for detailed information, see
Koessler et al. 2009), using a carefully positioned nylon cap (Figure 1). These values refer to
the distances between electrodes in relation to the total cap size (i.e., 20% of the total distance
from the inion to the nasion) and aim to provide consistency across experiments. Electrodes
were placed on the head of the participants with reference to anatomical landmarks such as the
inion, nasion, and left and right pre-auricular points, such that the central electrode Cz is
approximately aligned with the vertex (Scrivener and Reader, 2022).

The source location of each channel was chosen based on its brain functional
representation related to motor control and voluntary lower limb action. The M1, PMC, and SMA
are important components of the brain's cerebral cortex, each associated with distinct gyri and
collectively involved in the control and execution of movements (Koessler et al. 2009; Scrivener
and Reader, 2022).

The M1, which is essential for executing movements, is located in the Precentral Gyrus,
directly anterior to the central sulcus. This area is important for the direct control of voluntary
muscle movements, particularly fine motor movements (Koessler et al. 2009; Scrivener and
Reader, 2022; Heed and Rdéder, 2010; Cui et al. 2019). The specific electrodes relevant for
capturing M1 activity are C3, Cz, and C4. These are strategically positioned to monitor the left
hemisphere (C3), the midline (Cz), and the right hemisphere (C4), respectively. In the more
detailed 10-10 system, electrodes C1 and C2 provide finer resolution for M1 activity. C1 is
located over the left hemisphere and C2 over the right, both positioned slightly off the midline.
These electrodes are instrumental in capturing neural signals related to voluntary muscle

movements of the lower limbs, according to the homunculus representation, especially fine
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motor actions (Koessler et al. 2009; Scrivener and Reader, 2022; Heed and Rdder, 2010; Cui et
al. 2019).

The PMC, situated in the frontal lobe, primarily involves the Precentral Gyrus, vital for
initiating voluntary movements, and extends into the Superior and Middle Frontal Gyri for more
complex planning (Koessler et al. 2009; Scrivener and Reader, 2022; Heed and Roéder, 2010).
The relevant electrodes for monitoring PMC activity include F3, Fz, F4, C3, Cz, and C4,
combining both the frontal and central regions (Heed and Réder, 2010; Cui et al. 2019). These
electrodes help in capturing the neural dynamics involved in the planning and preparation
stages of voluntary movements.

In addition, the SMA, located on the medial surface of the frontal lobe, is predominantly
found in the Medial Frontal Gyrus, extending into the Paracentral Lobule and occasionally the
Superior Frontal Gyrus, playing a key role in planning and coordinating complex, internally
generated movements. The most relevant electrodes for SMA activity are Fz and Cz. These
midline electrodes are effective in capturing activity of the SMA due to its medial location.
Additionally, electrodes C1 and C2 from the 10-10 system, while more directly over the M1, can
also pick up some activity from the SMA. This is due to the adjacency of these areas, allowing
for the capture of some SMA-related signals, although with less specificity than the midline
electrodes (Koessler et al. 2009; Scrivener and Reader, 2022; Heed and Rdder, 2010; Cui et al.

2019).
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Figure 1: Brain cortical location for each of the 8 electroencephalography dry electrodes placed on the scalp of all the
participants in a nylon cap. C3, C1, Cz, C2, and C4 capture cortical activity from the M1 (primary motor area); C1, Cz,
C2, and Fz capture cortical activity from the SMA (supplementary motor area), and; C3, Cz, C4, F3, Fz and F4
capture cortical activity from the PMC (premotor cortex area).

3.3 EXPERIMENTAL DESIGN

Participants performed the demi-plié and the demi-plié prior to four subsequent
movements, such as: relevé, sauté, sissonne fermée de cété and pirouette en dehors.
Participants were allowed to choose their preferred side to perform the pirouette revolution, as
well as the lateral body displacement in the sissonne. The order of ballet movements was
randomly selected for each participant, all performed in the “first position” of classical ballet for
both feet and arms (Figure 2). Participants wore soft ballet shoes, regularly used in ballet

training, and had warmed up prior to measurements and testing.
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Figure 2: lllustration of the first position for both feet and arms, commonly performed in classical ballet. Image
granted from Artsashina with permission for educational and non-commercial use.

The metronome configured at 64 bpm set the cadence of the descending phase of the
demi-plié, clearly verbalized by the experimenter to perform the descending phase in 2 beats, to
prepare for the ascending phase that would be fused to the subsequent ballet movement. For
the performance of the simple demi-plié, participants were instructed to also perform the
ascending phase in 2 beats of the metronome.

Participants performed five repetitions of each experimental condition, with varied
interval time between repetitions, in order stabilize the EEG signal after the landing of the sauté,
sissonne fermée de cé6té, and pirouette en dehors. For the simple demi-plié and relevé, which
did not present any impact in the final performance, therefore not presenting destabilization of
the EEG signal, we followed a protocol of 4 beats of the metronome as intervals between
repetitions. The pilot trial showed that five repetitions would be the optimum amount in order to
avoid muscular fatigue, as the participants would have to perform five different experimental
conditions in only one experimental session. The interval between experimental conditions was
set at 5 minutes of rest for all the participants, or for as long as it would take for the EEG signal

to stabilize. The total time of the experiment session was approximately 1 hour.
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3.4 DATA ANALYSIS

3.4.1 Isolating the demi-plié from the subsequent ballet movements

Since our goal was to identify possible dissimilarities in the trajectory of the demi-plié, as
well as to possibly distinguish different coordination patterns and brain cortical activation during
this movement in its different end-goals, it was necessary to select the data that only contained
information about the demi-plié (i.e., the descending and ascending phases only). Hence, the

data analysis of all sensing technology used in our experiments had to undergo this procedure.

3.4.1.1 Kinematic analysis

In regards to the kinematic analysis, which involved analyzing the data captured from the
motion capture technique, the descending and ascending phases of the demi-plié were
characterized based on the Y-coordinate values relative to the hip vertical trajectory, based on
the reflective markers for the PSIS and ASIS. Specifically, the descending phase was identified
as the period when the Y-coordinate values began to decrease and ended when the coordinate
stabilized. Conversely, the ascending phase was identified as the period when the Y-coordinate
values began to increase and ended when the trajectory accelerated to engage in the
subsequent movement.

To do so, an in-house developed MATLAB routine was used (version R2022b,
MathWorks Inc., USA). This routine provided time series data that exclusively contained the
demi-plié movement of the five experimental conditions, enabling the selection of the
appropriate phases for analysis. The data from the simple demi-plié movement were used as a

model for selecting the corresponding phases for the other four movements.
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3.4.1.2 Electromyography

The EMG signals were recorded using the OpenSignals software (Plux Biosginals), in
which were identified the starting time of the descending phase of the demi-plié, and the end of
the ascending phase, when the demi-plié would then be fused to the subsequent movement.
The timing of muscle contraction was selected for both phases using the muscle activation
pattern observed in the isolated demi-plié performance as the reference. As the metronome was
set at 64 bpm, the time of execution of the demi-plié was two beats of the metronome for the
descending phase, and two beats for the ascending phase, then linked to the subsequent
movement. However, depending on the subsequent movement, muscle activation could differ,
possibly in anticipation for the next movement, so the ascending phase was limited based on
the time set by the metronome, which often coincided with the deactivation of the TA in the

ascending phase, as observed in the isolated demi-plié.

3.4.1.3 Electroencephalography

In regards to the EEG procedure, the data containing only the descending and
ascending phases of the demi-plié was synchronized in the EEG software with the time that the
participants initiated the demi-plié as preparation for the subsequent ballet movements (based
on annotations made in real time by the experimenter), as well as compared to the signal
pattern of the simple demi-plié, as a reference for the descending phase, and the beginning of
the ascending phase, since the end of the ascending phase is fused to the next movement.

Mean calculation of the execution time regarding the beginning of the descending phase
and end of the ascending phase of the demi-plié was performed, giving us the values of
duration of the demi-plié that were further plotted for comparisons amongst experimental

conditions.
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A full description of the data analysis of each study is detailed in the subsequent
chapters of the dissertation (chapters 4 through 8), relative to each scientific article produced for

each study.
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CHAPTER 4:

Scientific Production - Article 1
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ABSTRACT

Background: Human performance in classical ballet is a research fleld of growing interest in
the past decades. Technology used to acquire data in human movement sciences has evolved,
and is specifically being applied to evaluate ballet movements to better understand dancers’
profiles. We aimed to systematically review sensing technologies that were used to extract data
from dancers, in order to improve knowledge regarding the performance of ballet movements
through quantification.

Methods: PubMed, MEDLINE, EMBASE, and Web of Science databases were accessed
through 2020. All studies that used motor control tools to evaluate classical ballet movements,
and possible comparisons to other types of dance and sports movements were selected.
Pertinent data were filled into a customized table, and risk of bias was carefully analyzed.
Results: Eighty studies were included. The majority were regarding classical ballet and with
pre-professional dancers. Forty-four studies (55%) used two or more types of technology to
collect data, showing that motion capture technique, force plates, electromyography, and inertial
sensors are the most frequent ways to evaluate ballet movements.

Discussion: Research to evaluate ballet movements varies greatly considering study design
and specific intervention characteristics. Combining two or more types of technology may
increase data reliability and optimize the characterization of ballet movements. A lack of studies
addressing muscle—brain interaction in dancers were observed, and given the potential of novel
insights, further studies in this field are warranted. Finally, using quantitative tools opens

the perspective of defining what is considered an elite dancer.

Keywords: sensing technology; motor behavior; human performance; ballet; dance
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4.1 BACKGROUND

Motor behavior in dance has been a field of growing interest in the past decades. In
particular, since the early 1960s, literature shows research approaches regarding movement
performance of the human body from the dance perspective [1].

In 2009, a literature review was published regarding biomechanics measurement tools
used in dance [2]. The authors reviewed and analyzed studies concerning selected ballet
movements, measurement tools, research design, participants’ characteristics, and type of
study. In the meantime, the number of studies in the past ten years has substantially increased,
not only considering the increased demand for dance research, but especially due to the
evolution of digital technologies that have allowed researchers to collect exponentially more
data with unprecedented accuracy. Thus, the present systematic review aims to update the
literature with all the findings made throughout the years regarding studies in motor behavior in
ballet, especially focusing on the digital sensing technologies used. This systematic review
offers then not only an updated description concerning measurement tools and data collection in
dance, but also the ballet movements of interest and trends of study, identifying future potential
avenues for research.

For additional context, several literature and systematic reviews have been published in
the past decade on the topic of classical ballet, but mostly addressing issues such as injuries
and rehabilitation processes [3-6], finding and compiling techniques that may help dancers to
prevent injuries or to recover from them. However, four systematic reviews were found regarding
motor behavior and biomechanics analysis associated with dance [2,7-9]. By studying isolated
parts of the body or analyzing a specific movement, researchers reviewed studies in order to
understand what has been explored in the dance feld and what is still to be discovered. Herein,
the present systematic review aims instead to explore which digital sensing technologies have

been used to capture data specifically from ballet movements. Finally, ballet research has also
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captured the interest of neuroscientists, aiming to understand the brain mechanisms involved in
dance, as well as the mechanisms that could possibly differentiate elite dancers from novices,
through systematic reviews that analyzed mental imagery and cortical activity during imagery
tasks [10-12]. In the present review only those digital technologies addressing these latter

topics were the object of our research.

4.2 METHODS

This systematic review conforms to the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) statement [13] and has been registered in the
International Prospective Register of Systematic Reviews (PROSPERO, protocol no.
CRD42020206680) [14].

Four database search engines (PubMed, MEDLINE, EMBASE, and Web of Science)
were used to identify eligible scientific articles regarding human performance and motor
behavior in ballet and dance (i.e., contemporary dance and modern dance), sensing technology,
and instruments and tools for data capture in dance. The search encompassed literature
published until December 2020, with headings and keywords related to motor behavior in ballet
((classical ballet OR dancing OR elite dancers) AND (randomized controlled trials OR RCT OR
quasi-RCT); (classical ballet OR classical dancing OR classical dance OR ballet OR elite
dancers) AND (biomechanics OR biomechanical tools OR biomechanics instruments OR
biomechanics analysis); (ballet movements OR ballet positions OR dance movements OR elite
dancers) AND (measurement tools OR sensing technology OR motor behavior OR human
performance); (EMG OR sEMG OR electromyography OR surface electromyography OR
muscle activity) AND (classical ballet OR classical dance OR classical dancing OR ballet
movement OR dance movement OR elite dancers); (GRF OR ground force reaction OR kinetic

analysis) AND (classical ballet OR classical dance OR classical dancing OR ballet movement
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OR dance movement OR elite dancers); (motion capture OR kinematic analysis OR motion
analysis) AND (classical ballet OR classical dance OR classical dancing OR ballet movement
OR dance movement OR elite dancers); (accelerometer OR inertial sensor OR inertial sensors)
AND (classical ballet OR classical dance OR classical dancing OR ballet movement OR dance
movement OR elite dancers); (EEG OR electroencephalography) AND (classical ballet OR
classical dance OR classical dancing OR ballet movement OR dance movement OR elite
dancers)), and disregarding articles related to injury evaluation, rehabilitation purposes, and

neurological disorders.

4.2.1 Inclusion and Exclusion Criteria

Inclusion criteria were defined by type of dance, participants, and research tools. Studies
that evaluated classical ballet movements and possible comparisons to other types of dance
and sports were included. Participants of those studies were regarded as classical, modern, and
contemporary dancers. Articles involving tools such as 3D cameras, motion capture, laser
sensors, video analysis, cinematography analysis, inverse dynamic analysis, image
reconstruction, force plates, seesaw plates, dynamometers, accelerometers, inertial sensors,
and surface EMG (sEMG) were included in our search. We considered studies without language
restrictions; however, all the selected articles were published in English.

As exclusion criteria, articles containing only abstract, conference proceedings,
systematic reviews, and other types of literature review and studies conducted involving older
adults and with purposes of rehabilitation treatment were excluded. Articles involving manual
measurement through analog tools (i.e., goniometers and/or measurement tapes), magnetic
resonance imaging (MRI), X-rays, and ultrasound as isolated techniques of analysis were also

excluded.
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4.2.2 Data Management

One of the authors screened the titles and abstracts of all identified studies according to
the selection criteria. Full texts were then retrieved. Two other authors independently extracted
the data and reached consensus, filling a designed table to extract pertinent data. The ROBINS
scale [15] was applied to analyze risk of bias, because most of the retrieved articles were
non-randomized controlled trials (RCT). For the RCT studies, risk of bias was analyzed through

the Cochrane Collaboration’s tool [16].

4.3 RESULTS

4.3.1 Literature Search

The database search process retrieved 2632 potentially relevant articles. References of
the included articles were then scanned to ensure that relevant literature was not excluded from
the review, and 12 additional records were identified. After duplicates were removed, the
number of articles decreased to 1619. Articles were screened first by title and abstract for
relevance to ballet, motor control sensing technology tools, and finally by full text (n=116 full
texts were assessed for eligibility) using the inclusion and exclusion criteria. After the evaluation
process, 80 studies met the inclusion criteria. Articles were not limited by year of publication;
however, the earliest article found regarding our search terms was published in 1993. We

included articles published throughout the years until December 2020 (Figure 1).
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Figure 1: Diagram of information through the different phases in the systematic review

4.3.2 Quality Index

Regarding the 80 studies included in the present systematic review, only 3 studies were

RCT, and their risk of bias were analyzed through the Cochrane Collaboration’s tool for
assessing risk of bias [16-18]. The 3 studies showed the same outcome, as high risk in 4 out of
the 7 analyzed variables as described “random sequence generation”, “allocation concealment”;
“blinding of participants and personnel”; “blinding of outcome assessment”, and low risk for the

variables “incomplete outcome data”; “selective reporting”, and; “other sources of bias”. The

remaining 77 studies were then analyzed through the ROBINS scale [15], and the obtained
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scores were 3 studies presenting low risk of bias, 37 studies low to moderate, 21 studies
moderate, 8 studies moderate to serious, and 8 studies presenting serious risk of bias. Please
see Table 1 for detailed description.

The United States is the leading country of publications (26 articles), followed by France
(11 articles), Australia (10 articles), Japan (8 articles), Taiwan (7 articles), United Kingdom (5
articles), Brazil and Poland with 3 articles each country, Switzerland (2 articles), Colombia,
Canada, Spain, Czech Republic, and Israel with 1 article per country. Ballet research has
increased in the past decade (Figure 2). Between the years of 1993 and 2004, there were few
publications regarding motor control in ballet, although numerous articles were found

associating ballet to injury and rehabilitation processes.

Number of publications per year

o Ll || l_l

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Figure 2: Yearly publications regarding studies of motor control in ballet (1993 — 2020)

4.3.3 Category of Dance and Level of Expertise

Regarding the 80 articles included in the present systematic review, 60 studies have
analyzed participants specifically from classical ballet; 14 have combined participants from
classical ballet and modern dance, and; 6 studies have analyzed participants from
contemporary dance.

Thirty-nine studies analyzed and described ballet movements, without running any sort
of comparisons between groups of participants regarding experimental conditions. These

studies were divided as: i) 25 studies with participants from classical ballet; ii) 9 studies with
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participants from modern dance; and iii) 5 studies with participants from contemporary dance.
Concerning the participants level of expertise, 11 out of the 39 studies recruited elite dancers as
participants, 22 studies recruited pre-professionals, and 4 had elite dancers and
pre-professionals within the same study (but without comparisons between levels of expertise).
Two studies did not mention the level of expertise.

Forty-one studies have compared groups of the experimental design, with 14 studies
comparing dancers to non-dancers (10 studies compared elite dancers to non-dancers), 5
compared elite to novices, 3 studies compared elite to pre-professionals to novices, and 1 study
compared elite to pre-professionals. Six studies compared males to females. Four studies
compared injured dancers to non-injured (one study did not mention the level of expertise but
also compared injured to non-injured). According to the category of dance, 2 studies compared
classical ballet to modern dance. Regarding practice conditions, 3 studies compared different
types of shoes, and 2 studies compared the condition of barefoot to wearing shoes. The
remaining studies compared different groups under different experimental conditions. Twenty
studies analyzed elite dancers, 19 analyzed pre-professionals, and 7 analyzed novices,
considering that some of the studies combined different levels of expertise without comparing
them, yet analyzing other variables, such as gender and different tasks. Only 1 study compared

elite dancers with non-dancers and acrobats.

4.3.4 Demographic Information

Three studies did not provide demographic information regarding participants’ age, years
of practice, and hours of weekly training. Only 16 studies have provided all demographic
information. Fifty-two out of 80 studies had only female participants, 22 had both males and

females, 2 had only males, and 4 studies have not mentioned participants’ sex (Table 1).
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Table 1: Participants characteristics, sensing technologies, category of movement, and risk of bias obtained from the

studies included in this review. Abbreviations used in the EMG column: ES = erector spinae; RA = rectus abdominis;

GM = gluteus maximus; Gm = gluteus medius; SAR = sartorius; BF = biceps femoris; SEM = semitendinosus; SM =

semimembranosus ADL = adductor longus; AD = adductors; P = psoas; RF = rectus femoris; VL = vastus lateralis;

VM =

vastus medialis; VMO

vastus medialis obliquus; LGAS

lateral gastrocnemius; MGAS =

medial

gastrocnemius; SOL = soleus; TA = tibialis anterior; FIB = fibularis longus; EDL = extensor digitorum longus; FHB =

flexor hallucis brevis; CP = classical ballet feet position (varying from 1 to 6).
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42. Carter of training: 12.7£3.9; | and modern Motion capture Turngut of CP1& Moderate
etal, 2018 H/w: 19.9 + 9.7 dance sautés in CP1
Female
Pre-professional; : Demi-plié & elevé
Classical ballet h .
43. Carter Age: 18.8+0.8 ; Years . in CP1, degagé _
etal.,, 2017 | of training: 11.7+3.1; gggcn;odem Motion capture devant Moderate
Female (flex-point-flex)
44. Costa . .
Elite; Age: 28.4£10.8; : Postural sway & | Elite vs.
gle l\élgl{c; et Males & Females Classical ballet Force plates retiré passe non-dancers Moderate
Pre-professional;
45. Saito et | Age: 20.3+1.6; Years : Force plates; EMG: - Dancers vs. Low to
al. 2017 | of training: 16.8; Hjw: | Classicalballet | ¢ “Gs g Elevé in CP6 non-dancers | moderate
7.6; Female
46. Imura & | Elite; Age: 30+1; . Motion capture; Sauté in CP1, _ Low to
lino, 2016 Female Classical ballet Force plates CP6 moderate
. Elite; Age: 2743.9; : .
4Kz“éar2v(|)s1é& Years of training: Classical ballet Il\:/I;té(;np?:tpétsure, Saut de chat - Moderate
’ 20.8+4.9; Female
Pre-professional;
48. Age: 19.2+1.3; Years
Hinton-Lewi | of training: F - : Video analysis; Demi-plié, relevé | Male vs.
setal, 52441, M - Classical ballet Inertial sensors & sauté in CP1 Female Moderate
2016 13.513.3; Males &
Females
Demi-plié,
Pre-professional; \?v?ttrt]e;‘:\;g g)ndu
49. Hopper | Age: 19.2+1.3; Years . . - . )
etal, 2016 |of training: at least 5: Classical ballet Motion capture relevé, ballonné Moderate
Males & Females en place,
ballonné traveling
& Sissonne fondu
Pre-professional & .
50. el ; . | Classical ballet
Quanbeck $I|te, A%?' .2(.)'3?1'5’ and modern Motion capture Turnout of CP1 - Low to
etal, 2016 [ f$arsoltraining. dance moderate

14.7+2.5; Female
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Comparison

- Category of Sensing Ballet Risk of
Study Participants dance Technology movement between bias
groups
Port de bras in
bras-bas, 1st,
51. Brown . . 2nd, 3rd, 3rd
& Pre-professional; ) . reversed, 1st, Low to
Age: 19.71+2.09; Classical ballet Inertial sensors bras-bas. demi -
Meulenbroe Males & F | ) , moderate
k, 2016 ales & remales seconde allongé
& bras- bas
Elite; Age: F - :
52. L Postural sway in
. 16.67+£1.79, M - . . . Male vs. Moderate
Steinberg et 15.90+1.42 Males & Classical ballet Inertial sensors coud-de-pied and Female to serious
al., 2016 fondu
Females
Elite; Age: 31+1.87;
Z?t’).raham et Years of training: Contemporary Motion capture Elevé - Serious
22.8+4.14; Males & | dance P
al,, 2016
Females
Elite; Age: pang Kl vs.
54. Coker 26.0415.29; Years of : Motion capture; Demi-plié & ; . RCT High
etal., 2015 |training: 19.63+6.47; | Classicalballet | g o oites sauté in CP1 artmetic | Risk
Female control group
Elite; Age: Between . < <
55. Jarvis & | 18 and 35; Years of gézsrsr:gzle?ﬁ”et Motion capture; sR:J?\é% gﬁgtt?n& Elite vs. Moderat
Kulig, 2015 | training: At least 10; Force plates non-dancers oderate
dance CP1
Female
Pre-professional &
Elite; Age: Elite -
25.8+2.6,
Pre-professional - Développé .
56. Bronner ; Elite vs.
: 20.4+1.5; Years of . . arabesque with . Moderate
g‘oilgppen, training: Elite - Classical ballet Motion capture and without elevé g;?-professm to serious
15.2246.68, in CP1
Pre-professional -
5.545.15; Males &
Females
Age: 278 ; Years of
57. Gontijo | training: 18+8; H/w: : : Demi-plié &
etal., 2015 | 442 classes per week Classical ballet Motion capture grand-pli¢ in CP1 |~ Moderate
(no hours)
58. Age: 20.89+2.93; Echappé sauté Low to
Hackney et | Years of training: at Classical ballet Motion capture from CP1to CP2 |- derat
al., 2015 least 5; Female to CP1 moderate
Video analysis;
Pre-professional; EMG: Gm, RF,
59. Tanabe | Age: 24.1+5; Years of | o cial ballet SAR, VL, BF, SM, | CP1to CP6 & ) Low to
etal., 2015 |training: 14.4+3.6; MGAS, LGAS, elevé moderate
Female SOL, FIB, TA, EDL,
FHB
Pre-professional;
60. Tanabe | Age: 22.7814.68; : Video analysis; < Dancers vs. Low to
etal., 2014 | Years of training: Classical ballet Force plates Eleve non-dancers | moderate

11.56+4.8; Female
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Comparison

- Category of Sensing Ballet Risk of
Study Participants dance Technology movement between bias
groups
Elite & Novices; Age:
Superior experience -
18.2+1; Experienced
- 18.3+5.7, Novice -
12.3+1.6; Years of
: training: Superior . . . - .
61. Lin et : . Motion capture; Retiré passé in Elite vs.
al.. 2014 E);(%erlieeg%zc-i ?.8:1 .7, | Classical ballet Force plates CP5 Novice Moderate
8.6+4.9, Novice -
3.31£1.7; Hiw:
Novices - 1.5-3h,
Advanced - at least
3h; Female
?(g'nFe(inagll Pre-professional; Classical ballet Motion capture; Sauté in CP2 Barefoot vs. Low to
2014 Age: 25+5.9; Female Force plates jazz shoes moderate
Pre-professional;
Age: Injured - 1942, Mot ture:
63. Lin et Non-injured - : otion capture, Grand-plié in Injured vs. Moderate
al, 2014 [17.7:26; Yearsof | Classicalballet | Force plates; EMG: | cpy non-injured | to serious
training: at least 5; ’ ’
Female
Elite & Novices; Age:
Novices - 12+1.91,
Advanced -
17.77+3.39; Years of
64. Lin et training: Novices - . . En dehors Elite vs. Moderate
al, 2013 |3.23+1.69, Classical ballet | Motion capture pirouette in CP4 | Novice o serious
Advance - 8.69+3.3;
H/w: Novices -
1.5-3h, Advanced- at
least 3h; Female
. Tour en dehors
Pre-professional; = ” ’
65. Torrents Qgesf +'923t\1(§;é of Contemporary Motion capture gnr'lr?;g%lﬁ o _ Low to
etal., 2013 PSR . dance p tournant, moderate
training: at least 5; arabesque
Males & Females penchée
. Elite; Age: :
66. Kiefer et : . . Lo . | Elite vs. Low to
al. 2013 gzgglie?g%, Males & | Classical ballet Force plates Demi-plié & elevé non-dancers | moderate
Pre-professional; .
67. Wyon et Age: 20£1.74; Contemporary Inertial sensors Grand-jeté - R.CT High
al,, 2013 Female dance Risk
Pre-professional; .
68. Lobo da ) Attitude devant
Age: 18.4+2.8; Years : o ’ Ballet shoes | Low to
gg%a etal, gf trai?ing: at least 7, Classical ballet Force plates gggg?}': &ala vs. barefoot moderate
emale
Motion capture;
. . Force plates; EMG:
Age: 19.73+2.41 ; . . .
69. Lee et P : FIB, TA, MGAS Sissonne fermée | Injured vs.
al, 2012 | yearsoftraiing:at | Classical ballet | (hoth legs), VM, | in CP5 non-injured | Moderate
’ VL, AD, BF
(dominant leg)
Pre-professional;
70. Pearson | Age: 19.63+1.06; MU Dancers with
& Whitaker, | Years of training: At Classical ballet Force plates 8gr1m-pomte in different LOV:; to t
2012 least 2 in pointe shoes moderate
shoes; Female
71. Shippen | Pre-professional; Contemporary Motion capture; Contemporary _ Moderate
etal., 2012 | Age: 23; Female dance Force plates sequence
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Comparison

- Category of Sensing Ballet Risk of
Study Participants dance Technology movement between bias
groups
Elite &
pre-professional &
Novices ; Age: Elite -
24.9%1, Intermediate
- 19.6+0.5, Novice — . . Elite vs.
72. = Développé .
Bronner, :9:8¢0.§E?{tears of Classical ballet Motion capture arabesque in Pr(le-professw Moderate
2012 raining: Elite - CcP1 nal vs.
13.3+1.9, Novices
Intermediate -
11.7+1.1, Novice —
6.1+1.6; Males &
Females
Elite &
pre-professional & . Elite vs.
&?ésn ow et Novices; Age: g#zsrsr:gzlet;gllet Motion capture; Grand battement | pre-professio | Moderate
al. 2012 30.0+13; Years of dance Force plates in CP1 nal vs. to serious
” training: 13.9+£13.3; novices
Female
Arabesque,
développé
. devant,
ra. Eﬁépg?szlgnfé & Classical ballet développé a la
i Ite; Age: £9.50; ! seconde, grand
ngtaar‘?onme Years of training: at and modern Motion capture écart faciag| - Lové to t
2011 least 10; H/w: at least | dance grand écart moderate
12; Female lateral & grand
plié
Pre-professional;
’;'\867: Jgjzred - Injured vs.

75. Lin et S : Motion capture; non-injured Low to
al.. 2011 Tg.glr:lzj.l%r'e\?e;rs of Classical ballet Force plates CP1 & CP5 vs. moderate
training: at least 7; non-dancers

Female
Pre-professional;
Age: 19.94+1.16;
Z?é?’vglgﬁq Years of training: Classical ballet Force plates Assemblé in CP5 Eg}}fgiﬁgg’:' LOV(\; to t
" 14.17£2.92; Hiw: moderate
22.97+8.41; Female
77. Pre-professional; Low to
Hackney et | Age: 22.72+2.63; Classical ballet Motion capture Grand-jeté - derat
al., 2011 Female moderate
78. Pre-professional; . .
Hackney et | Age: 21.31+2.06: Classical ballet | £i9%0 analysis; Grand-jeté ; LOV(‘; to t
al., 2011 Female P moderate
79 Pre-professional;
y Age: 22.72+2.63; : Video analysis; ‘s _ Low to
zI;ilaczl<(r)11e1y et Years of training: at Classical ballet Force plates Sauté in CP1 moderate
- least 5; Female
80.B Zre-pg%fg;sésigrl‘aé; Grand battement
. Bronner | Age: 20.76+2.46; -
& Ojofeitimi, | Years of training: Contemporary Motion capture devant, derriere - Low to
2011 10.74 + 4.50: Males dance & ala second in moderate
& Females CcP1
Pre-professional;
81. Kulig et | Age: 18.9+1.2; Years : Motion capture; !
al.. 2011 of training: 8.9 + 5.1 ; Classical ballet Force plates Saut de chat - Serious

Males & Females
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Comparison

- Category of Sensing Ballet Risk of

Study Participants dance Technology movement between bias

groups
Elite; Age: Dancers -
82. 19+1.6, Non-dancers . . .
Golomer et |- 1941.3: Years of Classical ballet Seesaw platform; Postural sway in | Elite vs. Low to
S . Force plates one leg non-dancers | moderate
al., 2010 training: at least 10;
H/w: 35; Female
Pre-professional; i
83. Imura et | Age: 27.7+1.7; Years | cioccical ballet | Motion capture; Fouetteé turns ) Low to
al., 2010 of training: 20.6 + Force plates moderate
3.2; Female
84. Elite; Age: 19+2; Low to
Golomer et s Age: TuEs, Classical ballet Motion capture Pirouette in CP4 |-
Female moderate
al., 2009
85. Elite: Age: 19.6+1.3; Elite vs
Golomer et ’ T Um0 | Classical ballet Motion capture Pirouette in CP4 ) Moderate
Female non-dancers
al., 2008
Pre-professional; i
86. Imura et | Age: 27.7+1.7; Years | ciiccical ballet | Motion capture; Fouette turns ) Low to
al., 2008 of training: 20.6 £ Force plates moderate
3.2; Female
87. Pre-professional;
Chockley, F pl ’ Classical ballet Force plates Sauté in CP1 - Moderate
2008 emale
88. g . . EMG: VL, BF, TA, S
Couillandre E[eltne];ﬁege. 3119; Classical ballet SOL; Inertial sD:uTe!-iprll%& - Moderate
et al,, 2008 Sensors
%%Iomer Pre-professional; Classical ballet Motion capture Pi tte in CP4 Dancers vs. Low to
Soiomer. | Age: 19:1.5; Female P rouette in non-dancers | moderate
90. Lepelle Pre-professional & Classical ballet g&tgnE?pgj&e;RA Low to
- epetey Elite; Males & and modern S » 7 | Battement jeté -
et al., 2006 Females dance P, BF, RF, VL, moderate
LGAS, SOL
Elite; Age: F -
30.7+6.4, M - .
91. Bronner ’ Classical ballet . .
S . | 26.714.9; Years of . Retiré passé in Male vs. Moderate
& Olofeitimi, | training: F - 22.2+6.1, [ and modern Motion capture CP1 Female o serious
M - 14.2+3.7; Males
& Females
Pre-professional;
92. Lin et Age: 19.15+1.9; : Motion capture; L
al., 2005 Years of training: Classical ballet Force plates Relevé in CP1 ) Low
11.37+3.9
93. Thullier Elite vs
& Moufti, Elite Classical ballet Motion capture Rond de jambé ’ Low
2004 non-dancers
Elite; Age: F -
04 23.316.7, M -

: 24.1£1.5, Untr. F — . Seesaw platform; Elite vs. .
Golomer & 19.742.6. Untr. M Classical ballet Inertial Postural sway d Serious
Dupui, 2000 7+2.6, Untr. M - nertial sensors non-dancers

’ 24.3+3; Males &
Females
95 Elite; Age: Dancers -

y 23.8+2.2, . Seesaw platform; Elite vs. .
Golomer et Non-d Classical ballet Inertial Postural sway d Serious
al., 1999 on-dancers - nertial sensors non-dancers

18.8+3.5; Males
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. Comparison .
- Category of Sensing Ballet Risk of

Study Participants dance Technology movement between bias

groups
Elite & Novices; Age:
96 Adults - 23.8+2.2,

y Adolescents - . Seesaw platform; Elite vs. .
Golomer et Classical ballet . Postural sway f Serious
al. 1999 18.1£0.9, Inertial sensors Novice

v Novices - 11.6%1.3;
Males
Elite & Novices; Age:
Elite - 17.4+1.1,
97. Novices - 11.9+1.1, Classical ballet Seesaw platform; Elite vs. vs.
Golomer et | Acrobats elite - 18.1+ >aw p ’ Postural sway acrobats vs. Serious
and acrobats Inertial sensors .
al., 1997 1, Novice
Acrobats novices —
12.5+1.5; Female
Elite; Age: 3349; : Video analysis;
98. e Classical ballet
Years of training: EMG: GM, BF, AD, T ballet vs. Low to
Trepman et | 24:10; Hiw: 32¢7; | 3nd modem VL, VM, TA, MGAS, | Demi-pli€ in CPT 1 noderm moderate
N Female LGAS

4.3.5 Sensing Technology

Forty-four studies used two or more types of technology to collect data, showing that 26
studies combined kinematic with kinetic analysis, 4 studies combined kinematic and kinetic
analysis with EMG, 2 studies combined kinematic and kinetic analysis with inertial sensors, 4
studies combined kinematic analysis with EMG, 2 studies combined kinetic analysis with EMG,
5 studies combined kinematic analysis with inertial sensors, and only 1 study combined EMG
with inertial sensors. The other 36 studies used only one type of technology to collect data,
showing that 23 studies performed kinematic analysis (all used motion capture technique), 10
studies performed kinetic analysis (all used force plates), and 3 studies used only inertial
sensors (Table 1). Overall, 64 studies performed kinematic analysis (49 studies used motion
capture as technique), whereas 45 studies performed kinetic analysis (42 studies used force
plates as technique). Twelve studies used inertial sensors as a technique, and only 11 studies

used EMG.
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4.3.6 Classical Ballet Movements Evaluated

In this systematic review, an amount of 29 ballet movements were analyzed within the
selected articles (Table 1). The ballet movement with the most frequency of analysis was the
sauté (15 studies). The second most studied movements were the grand-jeté and saut de chat
(12 studies). Postural sway was analyzed in 9 studies, followed by the movement demi-plié and
en dehors pirouette (both with 8 studies). Six studies analyzed the grand-plié movement. Static
ballet feet positions and turnout of the hips were analyzed in 6 studies, and 7 other studies
analyzed the elevé movement. Five studies analyzed the arabesque movement, and 4 studies
analyzed the relevé movement. Three studies analyzed the retiré passé movement. Only 1
study analyzed upper limb ballet movements in a sequence of port de bras. Seventeen
remaining movements were studied only once or twice, and the full list can be assessed in Table

1.

4.3.7 Relationship Between Evaluated Ballet Movements and Sensing

Technologies

Only 4 studies analyzed kinematics, kinetics and EMG as protocol, and the selected
movements were grand-plié, relevé, sissonne fermée, arabesque, and cou-de-pied derriere with
demi-plié to arabesque.

Electromyography was analyzed in the following movements: demi-plié (3), grand-plié
(1), sauté (2), 6 ballet positions (2), elevé (2), relevé (1), arabesque (2), sissonne fermée (1),
and battement jeté (1).

Research that combined kinematic and kinetic analysis, have studied the following ballet
movements; postural sway (5), saut de chat (5), grand-jeté (4), en dehors pirouette (3), sauté

(3), relevé (2), fouetté turns (2), entrelacé (1), ballonné (1), assemblé dessus (1), bourrés (1),
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demi-plié (1), retiré passé (1), elevé (1), contemporary sequence (1), grand battement (1), feet
position (1).

Regarding the studies that only used one type of technology, 23 studies used motion
capture systems to analyze kinematic variables of ballet movements such as demi-plié (4),
grand-plié (3), sauté and échappé sauté (3), turnout of hips (3), elevé (2), grand-jeté (1)
battement fondu (1), ballonné (1), sissonne fondu (1), arabesque (4), en dehors pirouette (5),
brisé volé (1), développé (3), grand battement (1), whole body rotation (2), retiré passé (1), and
rond de jambé (1). Ten studies only used force plates to analyze kinetics of ballet movements
such as grand-jeté (1), sauté (2), grand-plié (1), retiré passé (1), elevé (2), attitude (1),
assemblé (1), and postural sway (3). Three studies only used inertial sensors to analyze ballet
movements such as grand-jeté (1), upper limb ballet postures (1), postural sway (1), and

cou-de-pied with fondu (1).

4.3.8 Relationship Between Motor Behavior and Brain Functional Analysis

Four studies were included regarding motor control approach with brain functional
analysis. Those studies were performed by the same group of researchers, [82, 84, 85, 89]. The
authors have studied visual imagery and spatial context in combination with a motor control
approach in the pirouette ballet movement. Visual imagery was assessed by the Vividness of
Movement Imagery Questionnaire (VMIQ), and the authors evolved their research throughout
the years, studying then the right hemisphere in visual regulation of complex equilibrium, since
their previous research showed the influences of visual cues in the postural sway of ballet

dancers.
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4.4 DISCUSSION

In order to increase the scientific knowledge associated with the performance of ballet
movements, the aim of this systematic review was to describe the technology tools and devices
used in data capture to analyze human performance and motor behavior of ballet movements.
This review outlines the category of analyzed ballet movements in combination with sensing
technology.

Classical ballet has a large lexicon of specific movements; consequently, this research
field is still emerging. We found that only 29 ballet movements have been analyzed regarding
the motor behavior approach, which means that a baseline of data is being created in order to
evolve to more complex movements.

Regarding the category of dance, most of the selected studies are in the classical ballet
field [20-22, 24, 25, 28, 30-33, 35-41, 44-49, 51, 52, 54, 56-64, 66, 68-70, 72, 75-79, 81-89,
92-97], although contemporary and modern dance became more popular recently [19, 23, 26,
27, 29, 34, 42, 43, 50, 53, 55, 65, 67, 71, 73, 74, 80, 90, 91, 98], probably because those
categories of dance are offered in the curriculum of several colleges, since 22 out of 80 studies
in this systematic review described participants as college dancers. Those participants were
regarded as pre-professionals.

While disparities in skill levels were recognized between elite dancers and novices,
mostly reporting that elite dancers have more effective and refined strategies regarding motor
behavior and human performance (i.e. ground force reactions, limb symmetry, muscle
co-activation and so on), it is important to reach consensus in what is considered an elite
dancer, as the definition of this category of dancers showed to be arbitrary in the evaluated
studies [20, 21, 31, 33, 36, 50, 56, 61, 64, 72-74, 82, 90, 96, 97]. Number of years of practice,
hours of training per week and professional career in ballet may be accurate factors to consider

a professional dancer as an elite dancer. In other words, it is reasonable to think that elite
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dancers display higher performance in ballet movements than novices, however, it is important
to establish a definition of what may be assured as elite dancer. Nonetheless, most of the
studies included in the present systematic review had pre-professional dancers as participants,
which allowed the understanding of movement pattern, but do not represent the supremacy of
the elite ballerina body. Study design in the published articles using pre-professional dancers
should be redone with elite dancers as a follow up.

In effect, ballet research remains a field of interest in universities, mainly in graduate
programs, and we found that only 28 out of 80 studies had some sort of funding or grants [20,
24, 25,27-29, 31, 32, 38, 41-43, 46, 48-50, 55, 59, 63-65, 73, 80, 82, 83, 87, 89, 96].

Kinematic and kinetic analysis are the prevalent techniques, having motion capture
systems and force plates as the prevalent measurement tools, respectively. Our results reveal a
lack of consensus in the research protocol regarding the experimental design, since several
studies arbitrarily selected the movements but did not follow up with different tools to
compliment and improve data reliability. Combining two or more measurement tools may be
paramount to optimize data collection and increase data reliability.

One limitation of the research studies so far is concerning the elements involved in motor
coordination of ballet movements. For instance, only one study has analyzed upper limb
movements of classical ballet [51]. In spite of accepting a higher relevance of the lower limbs in
the performance of ballet movements, upper limbs may also have a significant contribution to
increase balance and movement fluidity, as we have found that postural sway plays an
important role in motor control of ballet movements [28, 41, 44, 52, 82, 94-97]. Therefore, this
gap could be suggested as an issue for further research, regarding coordination and motor
synergies formation during the learning process and performance of ballet movements. For
instance, ballet movements directly involving the neck and head, such as specific techniques to

perform several revolutions in pirouettes have not been studied yet. Variables such as
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movement speed, accuracy and precision can be measured through motor behavior tools, also
in conjunction with upper limb and postural data collection.

Differences in sex regarding motor behavior is well studied in the literature, and
assumptions of sex differences have also been made in ballet research. Only 4 out of 80 studies
in this systematic review actually made comparisons between males and females [21, 48, 52,
91]. This is a topic for future research regarding motor behavior and human performance in
ballet.

The involvement of neuroscience in dance research has evolved in the past decade.
Numerous studies combined imagery techniques and technology such as magnetic resonance
imaging and electroencephalography [8, 99-101] , as well as the mirror neuron system [102,
103], in order to comprehend the neurophysiology of ballet movements. However, just a few of
those studies aimed to analyze brain-behavior connection, such as the studies included in this
systematic review [82, 84, 85, 89]. It is of interest in ballet research to increase the knowledge
regarding muscle-brain connection to better understand motor behavior and thresholds that
distinguish levels of expertise. Perhaps it is the next obvious area of exploration.

The studies in this systematic review provide rich knowledge about kinematics and
kinetics of ballet movements. It is evident that researchers know more about ballet nowadays
than they knew in the past decades. Evidence has been built in ballet research regarding
knowledge about motor behavior in dance, possibly allowing professional ballet companies and
schools to better design ballet training in order to optimize human performance. Additionally,
current findings in ballet research provide scientists with knowledge to pave the pathway for
future and more complex data collection involving motor coordination, synergies and brain
activation. However, questions regarding the threshold that distinguishes novices from elite
dancers remain unanswered. Although this review did not aim to evaluate clinical applications of

ballet movements, the findings suggest that several ballet movements may be elected as
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rehabilitation techniques for protocol design. Conclusions in the literature are often found as
suggestions to elaborate and improve training in order to both enhance performance and
prevent injuries, as well as to, in some cases, perform specific dance movements as protocols

for physical rehabilitation of non-dancers.

4.5 CONCLUSION

This review highlighted the sensing technologies used to collect data of ballet
movements. Findings reported an overview of the interests in motor behavior analysis regarding
classical ballet movements. Studies in this review varied greatly considering study design and
specific intervention characteristics. There is a broad collection of studies reporting motor
behavior of several ballet movements with elite dancers, pre-professionals and novices, in
classical ballet, modern and contemporary dance. Technology is constantly evolving, and
researchers are allowed to use modern tools to answer old questions about the mystery
between art and sport that is present in classical ballet. The future of ballet research is
promising, and it is exciting to foresee the upcoming results regarding a motor behavior

approach to evaluate classical ballet.
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ABSTRACT

Demi-plié is a coordinated dance movement involving knees bent while keeping hips turned out
and heels grounded. It consists of descending and ascending phases, the latter often preparing
for the next move. Task goals may influence its trajectory. Ten classical dancers (eight females,
two males), aged 20—45 years old performed demi-plié itself and prior to pirouette en dehors,
relevé, sauté, and sissonne fermée de cété. Lower limb and hip trajectory data were collected
through a motion capture system. Time-series data were aligned across all conditions using a
dynamic time warping algorithm. The Euclidean distance measured the hip trajectory between
each ballet movement, providing a continuous dissimilarity function over time. Descriptive
analysis focused on each participant’s maximum dissimilarity values across conditions. Results
showed maximum hip trajectory differences of 40% for demi-plié before sauté, 30% before
sissonne, 20% before releveé, and 10% before pirouette. Dissimilarities began in the descending
phase of the demi-plié. ANOVAs for repeated measures and Bonferroni’s post-hoc showed that
the standard deviation of dissimilarity had the largest effect size for the demi-plié — demi-plié
before sauté, and the smallest for the demi-plié — demi-plié before pirouette. Demi-plié prior to
jumps demands plyometric forces and has open-loop motor planning, requiring acceleration,

whereas demi-plié is closed-loop, relying on proprioceptive updating.

Keywords: demi-plié; dissimilarity; dynamic time warping; Euclidean distance; movement

trajectory; ballet movement
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5.1 INTRODUCTION

Demi-plié is a basic coordinated movement in classical ballet, which can be defined as a
smooth, continuous bending of the knees until just below the hips, while maintaining turnout at
the hip joints, allowing the thighs and knees to be directly above the toes line whereas the heels
remain on the floor (Coker et al., 2015; Imura and lino, 2017; Kim and Kim, 2016). The demi-plié
acts as a sort of springboard for jumps, and it is critical for high performance turns, providing the
impulse required for pivotal motion Imura and lino, 2018).

The demi-plié is often used prior to performing other dance movements. Notwithstanding
there is little scientific understanding of the demi-plié and its linkage to other dance movements
at different levels of analysis, including kinematics, kinetics and muscular activity (Coker et al.,
2015; Imura and lino, 2017; Kim and Kim, 2016; Trepman et al., 1994; Wyon et al., 2013;
Gontijo et al., 2015). By studying the demi-plié at any of these levels, we could better
understand hypothetical differences in the coordination patterns involved in performing this
basic ballet movement and its link to other subsequent movements.

To gain insight into the differences in the hip vertical trajectories of the demi-plié when
linked to other ballet movements, the present study aimed to describe the dissimilarities of the
demi-plié when it is performed in isolation and in preparation for four subsequent ballet
movements such as: demi-plié for turning outward (pirouette en dehors); demi-plié for heel rises
(relevé); demi-plié for vertical jumps (sauté); and demi-plié for lateral body displacement
(sissonne fermée de cété). Hip vertical trajectories can be influenced by the descending and
ascending phases of the demi-plié movement. For instance, the ascending phase of the
demi-plié may change its speed depending on the subsequent movement, such as a heel rise or
a vertical jump. Due to different task goals (e.g., performing a demi-plié to a pirouette) these
phases can be performed differently, with different lengths as certain movements are faster and

occur in less time than others. Coker and colleagues (2015) elucidated that the demi-plié and
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sauté constitute foundational movements in classical ballet but entail distinct sensorimotor
planning requirements, as the demi-plié¢ is a closed-loop movement reliant on proprioceptive
updating, while the sauté involves a plyometric movement more characteristic of open-loop
planning, which may have consequences at the coordination level. These differences can be
captured by the hip vertical trajectory; therefore, we hypothesized that different movements
associated with demi-plié would show differences in hip trajectories even when the time and
rhythm of execution are the same.

To measure the dissimilarities between the various movements associated with
demi-plié, the use of dynamic time warping (DTW) (Mdller, 2007; Chalmers et al., 2011) and
Euclidean distance (ED) (Herlina et al., 2018) seem to be suitable methods.

DTW is a method that matches two time series by stretching or compressing them along
the time axis to minimize their distance. More precisely, this procedure stretches the two series
onto a common set of time instants, repeating each element of the series as many times as
necessary, such that the distance between them is the smallest. This technique can handle
variations in timing and rhythm of execution, making it useful for comparing the same movement
performed at different tempos or by different dancers. Based on empirical findings, it can be
inferred that the performance of DTW is exceptionally high, irrespective of the size of the sample
(Batista et al., 2014).

The ED measures the straight-line distance between two points in a multidimensional
space and is commonly used in distance-based analyses (Herlina et al., 2018). ED is a simple
and straightforward measure and it is relevant for many problems in several domains (Batista et
al., 2014). For two time series of length n, u = (uy, ..., u,)and v = (v, ..., v,), the ED is given by

the square root of the sum of the squared differences between corresponding points:
" 2
ED(w,v)= A [ X (ui - vi) .
i=1
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The novelty of the present study is the use of a running technique applied to ED. More
precisely, we propose an innovative approach that includes using a moving window of fixed
length and step one in which the ED is computed, providing a continuous dissimilarity function
over time. This methodology was previously used with a different dissimilarity measure, in a
study on hand ftrajectories of stroke patients before and after two rehabilitation programs
(Passos et al., 2023). Consequently, it was expected that the outcomes of the present research
would offer valuable insights into the distinct variations exhibited by the different phases of the
demi-plié when performed in isolation or in preparation for various ballet movements. It is
plausible that the descending and ascending phases of the demi-plié exhibit stronger alignment
with the sauté rather than the pirouette en dehors, implying distinct utilization of the demi-plié in
these ballet movements. The sauté aims to achieve maximum height, whereas the pirouette en
dehors seeks to execute a balanced and smooth pivot in one leg.

In summary, the aim of the present study was to demonstrate that the apparently similar
demi-plié when performed under different task goals, requires specific modes of coordination

expressed by differences along vertical movement trajectories.

5.2 METHODS

5.2.2 Participants

Ten classical ballet dancers (8 females, 2 males), aged between 20 to 45 years old, with
a minimum of six years of experience in classical ballet and currently active in the modality,
participated in this study. The sample size was estimated using F-tests (ANOVA, Repeated
Measures, Within Factors) for 1 group and 4 measurements, with a large effect size of 0.40, an
alpha error probability of 0.05, a beta error probability of 0.20, and a correlation amongst

measures of 0.50, which provided a total sample size of 10 subjects. This procedure was
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performed using the GPower software (version 3.1, Universitat Dusseldorf, Germany). The
determination to choose a substantial effect size as a parameter for sample size estimation was
grounded in previous research concerning professional ballet dancers who performed the sauté
movement in comparison to other vertical jumps, who also considered the plyometric
movements derived from squat movement and knee flexion, which reported a similar magnitude
of effect (Escobar Alvarez et al., 2020, 2022; Avila-Carvalho et al., 2022).

Participants’ demographics varied between pre-professional dancers, professionals
currently working in professional dance companies, and amateurs practicing ballet classes as a
hobby or for leisure (Table 1). All participants provided limb dominance information by
answering which leg they would prefer to kick a ball and which hand they would prefer to throw
and catch an object. Participants were healthy and had not suffered any injury within six months
prior to the experiment date.

All participants provided signed informed consent for voluntary participation in the
experiments. The research was approved by the local ethical committee, in accordance with the

latest version of the Declaration of Helsinki for experimentation in humans.

Table1: Participants’ demographics

Participants | Age Height Years of Ballet | Hours of training | Dominant Dominant leg | Characterization
(m) Training per week hand

1 Female 28 1.60 14 30 Right Right Professional

2 Female 34 1.63 20 30 Right Right Professional

3 Female 23 1.65 15 30 Right Right Professional

4 Female 21 1.64 14 10 Right Right Pre-professional
5 Female 20 1.59 12 8 Left Left Pre-professional
6 Female 20 1.60 12 8 Left Right Pre-professional
7 Male 21 1.69 7 Right Right Pre-professional
8 Male 21 1.71 5 Right Right Amateur

9 Female 45 1.70 35 4 Right Right Amateur

10 Female 22 1.65 6 6 Right Right Amateur
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5.2.3 Data collection

The kinematic analysis room contained eight infra-red cameras (Optitrack Prime 13),
using a sample rate at 100 Hz, arranged in the umbrella display formation, which captured the
movements performed by the dancers in the center of the room. The room had linoleum
flooring, commonly used in ballet classes and theater stages, and dimmed lighting to avoid
interference or distraction.

Participants wore a non-reflective black suit, with reflective spherical markers of 3 cm of
diameter located in strategic areas of the suit, in the lower limb, respecting the Calibration
Anatomic System Technique (CAST) method for motion capture (Cappozzo et al., 1995).
Reflective markers were displayed bilaterally in the posterior superior iliac spine (PSIS) and
anterior superior iliac spine (ASIS), as well as rigid bodies composed by four reflective markers
each, located bilaterally in the center of the outer thigh and leg of all participants.

Participants wore soft ballet shoes, regularly used in ballet training. A metronome was

set at 64 bpm to encompass the rhythm and cadence of the demi-plié movement.

5.2.4 Experimental design

Participants performed the demi-plié and the demi-plié prior to four subsequent
movements, as previously described. The order of ballet movements was randomly selected for
each participant, all performed in the “first position” of classical ballet for both feet and arms,
which is characterized as an external rotation of the thighs and legs, with both feet pointing
outward, and arms elevated at the belly button height, with forearms slightly supinated and
rounded with the hands facing the dancer. Participants had warmed up prior to measurements
and testing.

The metronome configured at 64 bpm set the cadence of the descending phase of the

demi-plié, clearly verbalized by the experimenter to perform the descending phase in two beats,
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to prepare for the ascending phase that would be fused to the subsequent movement, such as a
heel rise (relevé) or a vertical jump (sauté).

Participants performed five repetitions of each experimental condition. The pilot trial
showed that five repetitions of each experimental condition would be the optimum amount in
order to avoid muscular fatigue, as the participants would have to perform five different
experimental conditions in only one experimental session. The interval between experimental
conditions was five minutes of rest for all participants. The total time of the experiment session

was approximately 1 hour.

5.2.5 Data analysis

The data analysis approach involved isolating the descending and ascending phases of
the demi-plié movement using an in-house developed MATLAB routine (version R2022b,
MathWorks Inc., USA). This routine provided time series data that exclusively contained the
demi-plié movement, enabling the selection of the appropriate phases for analysis. The data
from the demi-plié movement itself were used as a model for selecting the corresponding
phases for the other four movements.

The descending and ascending phases of the demi-plié movement were defined based
on the Y-coordinate values relative to the hip vertical trajectory. Specifically, the descending
phase was identified as the period when the Y-coordinate values began to decrease and ended
when the coordinate stabilized. Conversely, the ascending phase was identified as the period
when the Y-coordinate values began to increase and ended when the trajectory accelerated to
engage in the subsequent movement.

The time series related to the hip vertical trajectory of each ballet movement were not of
equal duration, as certain movements were faster and occurred in less time than others. This

means that the ascending phase of the demi-plié changes its speed depending on the
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subsequent movement, such as a heel rise or a vertical jump. To align the time series data,
another in-house developed MATLAB routine was used to implement the DTW algorithm, with
the demi-plié movement serving as the basis for comparison with the other four movements.
Next, the dissimilarities between the demi-plié trajectories in the different experimental
conditions were measured, considering the innovative approach of using the running ED within
a moving window of fixed length and step one, providing a continuous dissimilarity function over
time by overlapping both movement trajectories for comparisons. It should be noted that, when
considering a time series of length n, the number of sliding windows of length m can be
calculated as n-m+1, for m < n-1. In our study, the length of the windows was specifically
determined as one third of the movement cycle to capture the dissimilarity observed during the
descending and ascending phase of the demi-plié. The running ED also used the demi-plié as
the reference movement in comparison with the other four demi-pliés in preparation for the
subsequent movements. The set of dissimilarity values was then stored for each participant and
for each pair of movements, and descriptive statistics for dissimilarity, namely minimum and
maximum, temporal index of minimum and maximum, as well as mean and standard deviation
(SD) were computed and analyzed.

Shapiro-Wilk's and Mauchly’s tests were used to examine the normality and the
sphericity, respectively, of the dissimilarity statistical metrics for the different movements.
Subsequently, ANOVAs for Repeated Measures, with Bonferroni’s post-hoc comparisons, were
performed to evaluate the difference between the dissimilarity statistics’ mean values of all four
pairs of demi-plié movements. The probability p < 0.05 was set as the criterion for statistical
significance. This part of the study was undertaken using the IBM SPSS software (version 28,

IBM Inc., USA).
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5.3 RESULTS

5.3.1 Dissimilarities along the movement trajectories

Concerning the outputs of the running ED applied to the pairs of demi-plié movements,
exemplar data from participant P4 was randomly selected (Figure 1).

For the comparison between the demi-plié and the demi-plié prior to pirouette en dehors,
the set of dissimilarity values displayed a maximum of 0.612 (in the window starting at point
2440) and a SD of 0.189. For the comparisons ‘demi-plié — demi-plié prior to relevée’, ‘demi-plié
— demi-plié prior to sauté’, and ‘demi-plié — demi-plié prior to sissonne fermée de cété’, the
dissimilarity exhibited maximums ED of 0.686, 0.950, and 0.712 (in the windows starting at
points 2778, 703, and 2512) and SD values of 0.240, 0.303 and 0.257, respectively. Therefore,
the pair ‘demi-plié — demi-plié prior to sauté’ showed the largest maximum difference observed

between movements, and also the largest SD.
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Figure 1: Outputs of the Euclidean distance (ED, d) for the four pairs of comparisons between the demi-plié and the
demi-plié in preparation to subsequent movements, from participant P4, randomly selected, performing at a
pre-professional level. A) demi-plié — demi-plié prior to pirouette en dehors; B) demi-plié — demi-plié prior to relevé; C)
demi-plié — demi-plié prior to sauté; D) demi-plié — demi-plié prior to sissonne fermée de cété. d.,, : minimum ED;
dmax - Maximum ED; SD: standard deviation ; w: window starting point (one third of the movement cycle). Brackets
show the windows when the dissimilarity has occurred for both d,;, and d.,.

The running ED within the moving window technique also made it possible to observe
that the minimum dissimilarity occurred in the first and second cycles of the movement,
precisely in the descending phase of the demi-plié for all pairs of movements, whereas the
maximum dissimilarity occurred in the fourth and fifth cycles during the inversion phase, just

before starting the ascending phase. However, for the pair demi-plié prior to sauté, the

maximum dissimilarity occurred in the first two cycles of the movement.
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5.3.2 Maximum dissimilarity values and variability analysis

In regard to the maximum and SD values of the dissimilarity for each participant, and

each pair of movements, line plots are shown in Figure 2.
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Figure 2: A) maximum values of dissimilarity for each participant and each pair of movements; B) standard deviation

of dissimilarity for each participant and each pair of movements.

The results show that 40% of the participants exhibited the greatest dissimilarity between
the demi-plié and the demi-plié prior to sauté. Another 30% of the participants exhibited the
maximum differences between the demi-plié and the demi-plié prior to sissonne fermée de coté.
Amongst the remaining participants, two participants (20%) exhibited the primary difference in
the demi-plié prior to relevé and the remaining participant (10%) exhibited it in relation to the
demi-plié prior to pirouette en dehors. Regarding the SD values, results show that 70% of the
participants exhibited the highest values between the demi-plié and the demi-plié prior to sauté;
20% of the participants exhibited the highest values between the demi-plié and the demi-plié
prior to sissonne fermée de cété; and 10% of the participants exhibited the highest values

between the demi-plié and the demi-plié prior to relevé.
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5.3.3 Statistical analysis

The ANOVAs for Repeated Measures, with Bonferroni’'s post-hoc, for the dissimilarity
statistics across the four pairs of movements showed that: i) for the maximum ED value of
dissimilarity, there was a result close to being statistically significant, with a large effect size
(Faary = 2.508, p = 0.080, n?, = 0.218), with the pair ‘demi-plié — demi-plié prior to sauté’
displaying the largest maximum ED of dissimilarity and the pair ‘demi-plié — demi-plié prior to

relevé’ the smallest (0.616+0.2111 vs 0.460x0.208); ii) for the SD values of dissimilarity, there

was a significant result, with a large effect size (F;.7) = 3.381, p = 0.033, n5, = 0.273), in which
the pair ‘demi-plié — demi-plié prior to sauté’ exhibited the largest SD of dissimilarity and the pair
‘demi-plié — demi-plié prior to pirouette en dehors’ the smallest (0.176+£0.048 vs 0.133+£0.057, p

= 0.041). Regarding the other dissimilarity statistics, no significant results were obtained.

5.4 DISCUSSION

The present study found that the main differences between a demi-plié and a demi-plié
prior to other movements were observed for the sauté and sissonne fermée de cété.

The running ED within moving window technique used a fixed window length of one third
of the movement cycle, which could slide throughout the aligned time series and precisely show
where the minimum and maximum dissimilarities occurred in the demi-plié when it was
performed in preparation for subsequent ballet movements. This technique was an innovative
approach in movement trajectory analysis, providing insight about the movement dynamics of
the demi-plié movement.

We hypothesized that the same apparent demi-plié would show differences at
coordination levels when it would present different end-goals. Indeed, through our innovative

approach, our hypothesis has been confirmed, reporting that for most of the participants (70%),

86



the largest SD was observed for the pair demi-plié — demi-plié prior to sauté, suggesting that the
variability was not due to chance but was influenced by the type of movement being compared.

During a vertical jump, a net hip flexor torque is exerted, while the knee extensors and
plantar flexor torques are exerted during the push-off phase, which was characterized as the
ascending phase of the preparatory demi-plié. Through coordinated actions, gluteal synergies
may occur to promote a plyometric movement, in combination with the contraction of the rectus
femoris to act as a hip flexor, transferring power to the triceps surae to propel the body against
gravity, suggesting a proximodistal control of lower limb action (Trepman et al., 1994; Gregoire
et al., 1984).

Coker and colleagues (2015) explained that pelvic tilt movement is considered a
measure of pelvic stability, with smaller values denoting more pelvic stability. The demi-plié has
the tendency to achieve maximum hip-external rotation in the depth of the descending phase,
whereas the maximum hip-external rotation for the sauté happens during the jumping and
landing, instead of during the preparatory demi-plié. However, in the present study, we limited
our analysis to the demi-plié in preparation for sauté, not analyzing the sauté movement itself,
which suggests that anticipatory adjustments are made during the demi-plié in preparation for
the vertical jump, as the dissimilarities regarding minimum and maximum distance between
demi-pliés occurred already in the descending phase.

The sissonne fermée de cété is a jump-land ballet movement with lateral body
displacement, starting with a demi-plié for impulse to a vertical jump and immediately displace
the body laterally, as the ballet dancer simultaneously extends both legs in the air as scissors,
having the leading leg raised at approximately 22.5 degrees away from the midline of the body,
and the trailing leg rising by pushing off the ground (Lee et al., 2012). It makes sense that the
demi-plié prior to sissonne fermée de cété showed the main significant differences alongside the
demi-plié prior to sauté. The leading leg plays a crucial role in initiating the movement by

plantarflexing the ankle and extending the knee. It also takes on the responsibility of absorbing

87



impact force upon landing. On the other hand, the trailing leg has the task of stabilizing the body
before the leading leg contacts the ground. Once the leading leg touches the ground, the trailing
leg swiftly moves closer to it.

In regard to the findings of the demi-plié prior to relevé, this movement requires impulse
for heel rise, which is basic for subsequent movements such as pirouette and walking in the
ballet pattern of “toe to heels”. Performing a relevé is an action that also requires plyometric
forces, maintaining constant plantar flexion with raised heels and extended legs. The
proximodistal control of lower limb action may be applied to the relevé as well, as this movement
is performed dynamically, reaching the depth of the descending phase of the demi-plié in order
to activate plyometric forces for a fast and quick heel rise, precisely the phase where
dissimilarities begin.

Our sample included various levels of expertise in classical ballet, however, with a small
number of classical dancers for each level of expertise. This was a limitation in our study, and it
would be interesting to reproduce the experiment with a larger group of various levels of
expertise in order to make comparisons between groups. Our analysis solely involved the
vertical hip trajectory as a dependent variable for finding dissimilarities between the demi-plié
movement when it was performed in preparation for other ballet movements. However, it would
be interesting to analyze other variables such as the knee angles in order to find the possible
synergies that occur between limbs. Additionally, since we observed anticipatory adjustments
already in the descending phase of the demi-plié, it would be interesting that future research
investigates brain electrical activity in order to possibly find distinct activation patterns.

These findings bring knowledge to the fact that designing ballet training and rehearsals
must take into consideration how the body can be overwhelmed by simply repeating movements
that are apparently similar. Ballet dancers develop numerous injuries along the course of their
careers, and injury prevention in dance has been a trendy topic in motor behavior research (Li

et al., 2022; L Biernacki et al., 2021; Kaufmann et al., 2021; Fuller et al., 2020) as well as the
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interest in understanding how ballet movements are performed and the type of sensing
technology used to collect data (Quadrado et al., 2022). Therefore, our findings contribute to
this growing research field, focusing on understanding how the human body works in order to

achieve the highly elite performance and aesthetic beauty as seen in classical ballet.

5.5 CONCLUSION

Dissimilarities of the demi-plié trajectory in its different roles in classical ballet were

observed in preparation for both the sauté and sissonne fermée de cété ballet movements.
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ABSTRACT

Demi-plié is a coordinated ballet movement involving a smooth, continuous bend of the knees,
keeping hips turned out and heels grounded. Task goals may influence its coordination patterns.
Twelve classical dancers (9 females, 3 males) performed the demi-plié itself and prior to other
ballet movements such as: pirouette en dehor, relevé, sauté, and sissonne fermée de coté.
Motion capture system was used for data acquisition of the lower limb and pelvic complex.
Differences in coordination patterns in regards to the knees joint angles and angular velocities
were found during the demi-plié performance in all five experimental conditions, showing similar
results amongst all participants. Each demi-plié displayed different coordination patterns
accordingly with the end goal. Notwithstanding, some of the experimental conditions presented
a similar pattern. For all the participants, the demi-plié prior to pirouette en dehors showed a
unique variability pattern, probably with the most amount of anticipatory adjustments due to the
complexity of this motor action. Ballet dancers may learn multiple patterns of execution of the

demi-plié when it comes to performing subsequent complex ballet movements.

Keywords: demi-plié; coordination pattern; intrapersonal coordination; ballet movement
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6.1 INTRODUCTION

Demi-plié is a basic coordinated movement in classical ballet, performed similarly by
both legs, which consists of two phases: descending phase and ascending phase. During the
descending phase, the ballet dancer lowers the body by flexing their knees and ankle joints
simultaneously, with external rotation of the hips, while maintaining heels on the floor and
minimum pelvic tilt with an upright posture. The ascending phase of the demi-plié is initiated by
the upward movement of the hip, which extends the thighs, knees and ankle joints
simultaneously. The muscles of the lower limb work to accelerate the upward movement and
control the ascent, as the ascending phase is often in preparation for subsequent muscles [1-3].
It acts as a sort of springboard for jumps being critical for high performance turns providing the
impulse required for pivotal motion [4].

Regardless of the end-goal of the demi-plié, for instance, when it is in preparation for a
vertical jump or for a heel rise, its execution looks similar to the observer. However, as the
central nervous system (CNS) might use internal models as representations of motor action
sequences [5], we assume that the CNS learns how the demi-plié must be performed, and it is
possibly flexible in slightly adjusting kinematic variables of the demi-plié when it is in preparation
for other subsequent ballet movements, thus, expressing different coordination patterns.
Therefore, due to anticipation to the next movement, we hypothesize that intrapersonal lower
limbs coordination patterns of this movement may present differences depending on its
end-goal.

In human movement, coordination is the process of mastering redundant degrees of
freedom of the moving structure [6]. It happens when two or more task elements interact in a
way that stabilizes a specific performance goal. The notion of motor redundancy relates to
having multiple solutions for accomplishing the same task, allowing a movement system to

adapt fluidly to a constantly changing environment. This feature provides the system with the

94



flexibility needed for adaptive motion, while also maintaining sufficient stability for reliable
outputs, a crucial factor in motor performance [7]. Therefore, the CNS does not deal with just
one way to solve a problem; rather, it enables a range of equally effective solutions for the same
output.

In the present study, we considered the knees angles as task relevant elements, which
hypothetically display variability and adaptability during the execution of the demi-plié when it is
in preparation for different subsequent ballet movements. Complementarily, the pelvic complex
potentially behaves as a performance variable to be stabilized by the task relevant elements,
allowing the ballet dancer to maintain an upright posture and execute ballet movements that are
initiated by a demi-plié. Our aim was to analyze the demi-plié¢ movement in its different roles in
classical ballet, in order to observe whether or not its execution presents different coordination

patterns of the knees joint angles depending on its end-goal.

6.2 METHODS

6.2.1 Participants

Nine females and three males classical ballet dancers, aged between 20 to 45 years old,
with a minimum of six years of experience in classical ballet and currently active in the modality,
participated in this study. The sample size was determined using F-tests (ANOVA, Repeated
Measures, Within Factors) for 1 group and 5 measurements, a medium effect size of 0.25, an
alpha error probability of 0.05, a beta error probability of 0.20, and a correlation amongst
repeated measures of 0.75, which provided a total sample size of 12 subjects. This procedure
was performed using the GPower software (version 3.1.9.7, Universitat Disseldorf, Germany).

The demographic profile of the participants ranged from university students classified as

pre-professional dancers, to professionals employed by dance companies, and hobbyists taking
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ballet for recreation (Table 1). Everyone indicated their dominant limb by specifying which leg

they would use to kick a ball and which hand they would prefer for throwing and catching an

item. Participants were healthy and had not suffered any injury within six months prior to the

experiment date.

All participants provided signed informed consent for voluntary participation in the

experiments. The research was approved by the Ethical Committee of the Faculty of Human

Kinetics, University of Lisbon, (protocol number 32/2020) in accordance with the latest version

of the Declaration of Helsinki for experiments in humans.

Table1: Participants’ demographics

Participants | Age Height | Years of Hours of training Dominant hand Dominant leg Characterization
(m) ballet training | per week

1 Female 28 1.60 14 30 Right Right Professional

2 Female 34 1.63 20 30 Right Right Professional

3 Female 23 1.65 15 30 Right Right Professional

4 Female 21 1.64 14 10 Right Right Pre-professional
5 Female 20 1.59 12 Left Left Pre-professional
6 Female 20 1.60 12 Left Right Pre-professional
7 Male 21 1.69 9 7 Right Right Pre-professional
8 Male 25 1.75 12 10 Right Right Pre-professional
9 Male 21 1.71 6 5 Right Right Amateur

10 Female 30 1.55 10 6 Right Right Amateur

11 Female 45 1.70 35 4 Right Right Amateur

12 Female 22 1.65 6 6 Right Right Amateur

6.2.2 Data Collection

The kinematic analysis room contained eight infra-red cameras (Optitrack Prime 13),

with sample rate at 100 Hz, and displayed in the umbrella formation. The room had linoleum

flooring, commonly used in ballet classes and theater stages, and dimmed lighting to avoid

interference or distraction.
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Participants wore a non-reflective black suit, with four reflective spherical markers of 3
cm of diameter located bilaterally in the hip to characterize the position of the posterior superior
iliac spine and anterior superior iliac spine, as well as four sets of three reflective markers,
located bilaterally in the outer thighs and shanks to characterize the knees joint angles based on
lower limbs segments relative angles, respecting the Calibration Anatomic System Technique
(CAST) method for motion capture [8]. Participants wore soft ballet shoes, regularly used in
ballet training. A metronome was set at 64 bpm to encompass the rhythm and cadence of the

demi-plié movement.

6.2.3 Experimental Design

Participants performed the demi-plié and the demi-plié prior to four subsequent
movements, such as: pirouette en dehors, relevé, sauté, and sissonne fermée de coété.
Participants were allowed to choose their preferred side to perform the pirouette revolution, as
well as the lateral body displacement in the sissonne. The order of ballet movements was
randomly selected for each participant, all performed in the “first position” of classical ballet for
both feet and arms, which is characterized as an external rotation of the thighs and legs, with
both feet pointing outward, and arms elevated at the belly button height, with forearms slightly
supinated and rounded with the hands facing the dancer. Participants had warmed up prior to
measurements and testing.

The metronome configured at 64 bpm set the cadence of the descending phase of the
demi-plié, clearly verbalized by the experimenter to perform the descending phase in two beats,
to prepare for the ascending phase that would be fused to the subsequent ballet movement.

Participants performed five repetitions of each experimental condition, with 5 minutes of

interval between experiments. The pilot trial showed that five repetitions would be the optimum
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amount in order to avoid muscular fatigue, as the participants would have to perform five

different experimental conditions in only one experimental session.

6.2.4 Data Analysis

In order to characterize the coordination patterns of the five experimental conditions, we
first needed to isolate the demi-plié movement (i.e., the descending and ascending phases only)
and then characterize how knees joint angles relate with the hip vertical movement in order to
find possible distinctions in coordination patterns. Finally, we performed a statistical analysis to
identify significant differences between left (L) and right (R) knees, as well as across the five

experimental conditions.

6.2.4.1 Isolating the demi-plié from the subsequent ballet movements

The data analysis initial procedure involved isolating the demi-plié movement (i.e., the
descending and ascending phases) using an in-house developed MATLAB routine (version
R2022b, MathWorks Inc., USA). This routine provided time series data that exclusively
contained the demi-plié movement of the five experimental conditions.

The descending and ascending phases of the demi-plié were characterized based on
the Y-coordinate values relative to the hip vertical trajectory, based on the reflective markers for
the posterior superior iliac spine and anterior superior iliac spine. Specifically, the descending
phase was identified as the period when the Y-coordinate values began to decrease and ended
when the coordinate stabilized. Conversely, the ascending phase was identified as the period
when the Y-coordinate values began to increase and ended when the trajectory accelerated to

engage in the subsequent movement.
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6.2.4.2 lllustrating the demi-plié coordination patterns

In order to illustrate the spatial representation and characterize different coordination
patterns, contour plots were designed considering the knees joint angles as elemental variables
(X and Y-axis in Figure 2 corresponding to the right knee joint angle and the left knee joint
angle, respectively) and the vertical hip trajectory as a performance variable (represented by the
color gradient in Figure 2). Contour plots captured how the knees joint angles related with the
hip vertical trajectory during the performance of the demi-plié. The color gradations highlight
areas where the vertical hip trajectory varied according to the knees joint angles, helping in
identifying patterns in the performance of the demi-plié in its different roles. The warmest colors
(close to yellow) represent the highest height of the hip vertical trajectory, whereas the coolest
colors (close to blue) represent the lowest height of the hip vertical trajectory. The contour plots
were created through another in-house MATLAB routine using the data of the knees joint angles

during the performance of the demi-plié of all experimental conditions.

6.2.4.3 Capturing the knees joint angles variability patterns

Due to slight adjustments that both knees are expected to perform to keep the hip
vertical trajectory relatively stable, the variability of knees joint angles is investigated for different
patterns. Since we hypothesized that the demi-plié would present different coordination patterns
depending on its end-goal, we expected to find differences in the variability of the knees joint
angles. These variability patterns were displayed by plotting the knees joint angles with the
corresponding angular velocities in the descending and ascending phases of the demi-plié
across the five experimental conditions.

To analyze that, another in-house MATLAB routine was created to measure the knees
joint angles and the corresponding angular velocities during the execution of the demi-plié

across all repetitions of all five experimental conditions. To potentially distinguish variability
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patterns of the demi-plié with different end-goals, phase portraits were plotted to compare left

(L) and right (R) knees in all conditions for each participant.

6.2.4.4 Statistical analysis

Finally, statistical analyses were undertaken in order to identify significant differences
between L and R knees, as well as across the five experimental conditions. L and R knees joint
angles and angular velocities were calculated for each participant and each condition, and for
inferential purposes, each time series of values was reduced to a mean and a standard
deviation (SD). Shapiro-Wilk's tests were then used to validate the normality of each variable.
Next, t tests for paired samples (and linear correlations) were performed for the L and R joint
angles and angular velocities, for both the means and the SDs, of each experimental condition.
Moreover, ANOVAs for repeated measures, with Bonferroni’s post-hoc comparisons, were
performed for the L and R joint angles and angular velocities, in terms of means and SDs,
across the five experimental conditions. The probability p < 0.05 was set as the criterion for
statistical significance. This part of the study was realized using the IBM SPSS software (version

28, IBM Inc., USA).

6.3 RESULTS

6.3.1 Coordination patterns

By the visual inspection of the contour plots it is possible to observe distinct coordination
patterns in the contour plots for each demi-plié condition (Figure 2), especially in the
performance of demi-plié prior to pirouette en dehors (Figure 2E). The spreading of the color
stain in the contour plots seems visually different during the demi-plié performance for the five

experimental conditions. However, for the demi-plié prior to pirouette en dehors (Figure 2E), the
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spreading of the color stain in the contour plot displays a completely different and unique
coordination pattern. However, some of the experimental conditions appear to vary less than
others. For instance, the performance of the demi-plié prior to relevé seems to be more similar
to the simple demi-plié, than the performance of the demi-plié prior to sauté regarding the
simple demi-plié. On the other hand, both the demi-plié prior to sauté and prior to sissone
fermée de coté display similar coordination patterns.

Even though both knees movements are apparently symmetrical, by relating the lowest
values of the hip vertical trajectory (dark blue color) with the knees joint angles of both axis in
the contour plots, it is possible to notice interlimb differences. For instance, for both L (y axis)
and R (x axis) knees joint angles in the performance of the simple demi-plié the L knee joint
angle close up to 110 degrees whereas the R knee joint angle goes until 100 degrees (Figure
2A). In the demi-plié prior to relevé the left knee joint angle remains above 120 degrees

whereas the knee joint angle goes slightly below 120 degrees (Figure 2B).
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Figure 1: Coordination patterns of left and right knees joint angles during the demi-plié performance prior to
subsequent ballet movements. A) simple demi-plié; B) demi-plié prior to relevé; C) demi-plié prior to sauté; D)
demi-plié prior to sissone fermée de cété, and; E) demi-plié prior to pirouette en dehors. lknee: left knee; rknee: right
knee. The color gradient identifies the height of the hip vertical trajectory. The warmest colors (close to yellow)

identify the highest height, whereas the coolest colors (close to dark blue) identify the lowest height to the floor.
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6.3.2 Knees joint angles and angular velocities

Phase portrait graphs were plotted in order to analyze the dynamics of L and R knees
joint angles (Figure 3). Hence, it is possible to make comparisons between both knees by
observing how similarly or differently they move. The shape and spread of the trajectory can
indicate the stability of the knees movement during the demi-plié performance. For each plot,
the overlapping of line trajectories is a sign of movement stability, while the separation of the
trajectories characterize the existence of movement variability. Moreover, amongst participants
two distinct variability patterns can be observed in the phase portraits: i) when the lines overlap
in a flatten shape along the X-axis direction, and; ii) when the lines overlap in a circular shape in
the graph.

A visual inspection of the phase portraits display differences on interlimb stability for the
five experimental conditions.

By the overlapping of the line trajectories the simple demi-plié (Figure 3A) and the
demi-plié prior to relevé (Figure 3B) seem to be the movements with the most stability of both
knees regarding the five experimental conditions. It is possible to observe consistency for all
participants across the five repetitions performed in each condition. The demi-plié prior to sauté
(Figure 3C) and the demi-plié prior to sissone fermée de cé6té (Figure 3D), both jump
movements of classical ballet, due to a separation of the line trajectories, showed an increase in
variability patterns of knees movement. Consequently, they displayed a less consistent shape of
the phase portrait when compared with both simple demi-plié and the demi-plié prior to relevé
(Figures 3A and 3B). On the other hand, the demi-plié prior to pirouette en dehors (Figure 3E)
shows a distinct variability pattern when compared to the other four experimental conditions,
showing less consistency in the shape of the phase portrait of the knees joint angles, probably

displaying the least amount of demi-plié stability.
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Figure 2: Phase portraits of the knees joint angles during the performance of the demi-plié for each participant in all
five experimental conditions. The red line represents the right knee and the blue line represents the left knee. The
X-axis represents the joint angle of knee flexion (in degrees) during the demi-plié performance, and the Y-axis
represents the angular velocity of the knee joint (in degrees/second). A) simple demi-plié; B) demi-plié prior to relevé;
C) demi-plié prior to sauté, and; D) demi-plié prior to sissone fermée de cété; E) demi-plié prior to pirouette en

dehors.
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6.3.3 Statistical analysis

Table 2 shows outputs of the statistical analysis regarding the t tests for paired samples
(and linear correlations) for the comparisons between L and R knees joint angles and angular
velocities. Significant results were found for the correlations between the means of L and R
knees joint angles in all demi-pliés, except for the one in preparation for the pirouette en dehors,
and for the correlations between means of both knees joint angular velocities in all conditions.
Furthermore, significant correlations were obtained between the SD of L and R knees joint
angles for the demi-plié and the demi-plié prior to pirouette en dehors and between the SD of
the knees angular velocities in all conditions, excluding the pirouette en dehors. No significant

differences were observed for the means between L and R knees variables.

Table 2: Correlations and comparisons of means and standard deviations (SD) of Left (L) versus Right (R) knees
joint angles in degrees and angular velocities in degrees/second during the performance of the demi-plié and the

demi-plié prior to four ballet movements. The asterisks represent significant results at 0.05 level.

Movement

Mean of L vs R Joint
angle (deg)

SD of L vs R Joint
angle (deg)

Mean of L vs R Joint
angular velocity
(deqgls)

SD of
L vs R Joint angular
velocity (deg/s)

1. Demi-plié

r=0.737, p = 0.006*
t=0.841,p=0.418

r=0.759, p = 0.004*
t=0.145, p = 0.887

r=0.969, p < 0.001*
t=0.827, p = 0.426

r=0.984, p < 0.001*
t=-1.485,p=0.166

2. Pirouette en
dehors

r=0.158, p = 0.623
t=0.977, p = 0.350

r=0.759, p = 0.004*
=.0.751, p = 0.468

r=0.758, p = 0.004*
t=1.913, p = 0.082

r=0.330, p = 0.294
=-1.776, p = 0.103

3. Relevé

r=0.682, p=0.014*
t=0.073, p =0.943

r=0.570, p = 0.053
t=0.552, p = 0.592

r=0.985, p <0.001*
t=0.170, p = 0.868

r=0.971, p < 0.001*
t=-0.787, p = 0.448

4. Sauté

r=0.787, p = 0.002*
t=1.060, p = 0.312

r=0.565, p = 0.056
t=-0.162, p = 0.875

r=0.957, p <0.001*
t = 0.046, p = 0.964

r=0.914, p <0.001*
t=-1.931, p=0.080

5. Sissonne fermée
de coété

r=0.709, p = 0.010*
t=-0.076, p = 0.941

r=0.052,p=0.873
t=1.195, p = 0.257

r=0.901, p <0.001*
t=0.309, p =0.763

r=0.934, p <0.001*
t=0.885, p =0.395

Table 3 presents outputs of the statistical analysis of means and SD for each knees joint
angle and angular velocity across the five experimental conditions (ANOVAs for repeated
measures), in which significant differences were only found in the angular velocities of both
knees. Bonferroni’s tests for multiple comparisons showed significant differences for the means
comparisons of the L knee between the demi-plié and the demi-plié prior to sissone fermée de

coté, and between the demi-plié prior to relevé and prior to sissone fermée de cété. In regards
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to the R knee, significant differences were obtained between the demi-plié prior to pirouette en
dehors and the demi-plié prior to sissone fermée de cété. Moreover, the SDs showed significant
differences for both knees between the demi-plié and the demi-plié prior to pirouette en dehors,
and between the demi-plié prior to relevé and prior to sissone fermée de cété; the L knee
showed differences between the demi-plié and the demi-plié prior to sissone fermée de cété,

and the R knee showed between the demi-plié prior to relevé and prior to sauté.

Table 3: Analysis of means and standard deviations of each knees joint angle in degrees and angular velocity in
degrees/second across the five experimental conditions with ANOVAs (main test) and Bonferroni’s tests (multiple
comparisons). L: left knee; R: right knee. The subscripts represent 1 — demi-plié, 2 — demi-plié prior to pirouette en
dehors, 3 — demi-plié prior to relevé, 4 — demi-plié prior to sauté; 5 — demi-plié prior to sissone fermée de cété. The

asterisks represent significant results at 0.05 level.

. Main test Multlple Main test Multiple comparisons
Variable comparisons L A
(mean) (mean) (standard deviation) (standard deviation)
. f=2.280, p=0.076 . f=0.473,p=0.635
L joint angle (deg) (0%, = 0.172) (12, = 0.041)
L f=2.046,p=0.104 f=0.218, p=0.767
R joint angle (deg) (n%. = 0.157) - (n%. = 0.019) -
L joint angular velocity f=5.459, p = 0.011* P,s=0.035* f=6.631, p <0.001* E1,2 Z 8'822*
2 = = * 2 = 15 — Y-
(degls) (n% = 0.332) P35 =0.035 (n% = 0.376) P.. = 0.003*
R joint angular velocity | f=6.948, p = 0.003* P,, = 0.049* f=7.782, p = 0.006* P12 = 0009,
(degls) (n% = 0.387) P,5=0.043* (n%, = 0.414) PM _ 0'044*
35— Y-

6.4 DISCUSSION

The aim of the present study was to analyze the demi-plié movement of classical ballet
in its different roles, hypothesizing that it would reveal differences at the coordination level
depending on the end-goal. Indeed, despite the visual similarity in the performance of a
demi-plié, after isolating the descending and ascending phases from all experimental conditions,
the contour plots displayed distinct patterns of coordination for all five experimental conditions,
showing that the demi-plié performance is different depending on the end-goal. However, the

main discrepancy noted in the contour plots, was in the performance of demi-plié prior to
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pirouette en dehors, possibly due to the fact that the demi-plié in preparation for a pirouette en
dehors is often initiated with the feet in the “fourth position” of classical ballet, which is
characterized by one leg in front of the other, both with legs in external rotation (turnout), and
with some distance of approximately 10 cm between feet.

Concerning the phase portraits analysis, two different variability patterns were displayed
in each experimental condition, showing different shapes amongst the participants, suggesting
that the variability in the knee joint angles happened, but within an acceptable range of
magnitude that did not compromise the stability of the performance variable (i.e., the pelvic
complex). For instance, in the performance of the simple demi-plié, we observed that one of the
phase portraits illustrates the tendency for a flat shape, as both lines are more horizontal across
the X-axis. This variability pattern can be interpreted as if the velocity of the demi-plié
performance was slower than the rhythm paced by the metronome. On the other hand, when we
observe the other shape displayed in the simple demi-plié phase portrait, that illustrates a circle,
we can interpret that the velocity of the demi-plié execution was close to the rhythm set by the
metronome.

Participants from different levels of expertise performed all movements with excellence,
displaying an acceptable range of functionality, perhaps due to anticipatory adjustments.
However, the variability patterns displayed in the phase portraits showed that some of the
experimental conditions presented a similar pattern. In other words, it seems that movements
that do not have physical impact in its execution, as it is the case of the simple demi-plié and the
relevé, the demi-plié performance is apparently similar, whereas when the ballet movement has
some physical impact, as in the case of sauté and sissone fermée de cété, both jumps, the
variability pattern showed similarities between them. As in the case to perform jumps, the
participants needed to accelerate the ascending phase in order to get the proper impulse to take
off the ground, which can have implications in the lower limb coordination, possibly explaining

the similarities in the coordination patterns of demi-plié performance prior to both jumps. For all
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the participants, the demi-plié prior to pirouette en dehors showed a unique variability pattern,
probably with the most amount of anticipatory adjustments due to the complexity to perform a
revolution in only one leg, behaving as a pivot.

According to Robalo and colleagues [7], in a kinetic chain of movement, two proximal
joints might reciprocally compensate to stabilize an end-effector (i.e., the most distal segment in
the limb that interacts with the environment). End-effector variables are ‘controlled’, and directly
linked to performance, whereas the task relevant elements are allowed by the system to have
high variability, providing adaptability. In our study, we assumed the knees angles as task
relevant elements, and the pelvic complex potentially as the performance variable, as it allows
the ballet dancer to maintain an upright posture and execute ballet movements that are initiated
by a demi-plié.

Joint variability during the performance of a task allows the movement system to be
relatively stable when it needs to be, and to be flexible when it needs to adapt to intrinsic or
extrinsic changes maintaining the ongoing action [9]. As in the case of the demi-plié when it is in
preparation for subsequent ballet movements, our findings showed that the variability of the
knee angle occurred, causing dissimilarities amongst different performances of the demi-plié,
depending on the end-goal. These observations suggest that resulting adjustments are primarily
under feed-forward control, and even though the differences amongst the demi-pliés are clear
when plotted in graphs, it remains unseen at the audience’s eyes when the ballet dancer is on
stage, not compromising the aesthetic and beauty of the performed movement.

The differences in the demi-plié performance depending on its end-goal can also be
explained in terms of learning multiple patterns of its execution, considering multiple CNS
variables representing these multiple required patterns. Previous research [10] argues that
learning multiple patterns is related to the notion of recall, defined as the selective activation of a
learned coordination pattern under the influence of the same or similar environmental

information as was present during learning. Therefore, as the environmental information need
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not be exactly identical to one of the memorized patterns, recall in this sense resembles pattern
recognition in models of perception. In a straightforward generalization, our findings suggest
that the ballet dancer learns multiple patterns of execution of the demi-plié when it comes to
performing subsequent complex ballet movements.

For a global internal model to adapt to different sensorimotor contexts, the CNS must
learn the properties of tools and environments whenever they are altered, even if these
properties have been learned previously [5]. Moreover, if the CNS has already learned how to
perform the demi-plié movement, the change on its end-goal may be facilitated by combining
multiple ways to execute it in anticipation of the next movement. This interpretation assumes
that separate internal models are learned for different environments and also permit mixtures of
internal models to cope with a single environment or task.

The present findings suggest that the notion of multiple internal models can be extended
to different classes of transformations, namely, dynamic and kinematic transformations
expressed in different interlimb distinct coordination patterns of the demi-plié performance when

it is in preparation for subsequent ballet movements.

6.5 CONCLUSION

The demi-plié movement of classical ballet revealed different coordination patterns
depending on its end-goal.

Kinematic analysis showed differences at the interlimb level through the knees joint
angles and their angular velocity measurements, illustrating different variability patterns for each
demi-plié condition.

Similar coordination patterns were found for similar ballet movements, such as the case

of the simple demi-plié and the demi-plié prior to relevé and the demi-plié prior to jumps.
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Due to the unique characteristic movement of the pirouette, the demi-plié prior to

pirouette displayed a unique coordination pattern.
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ABSTRACT

Demi-plié is a coordinated ballet movement involving a continuous bend of the knees, keeping
hips turned out and heels grounded. It consists of descending and ascending phases, the latter
often preparing for the next move. The demi-plié end-goal may influence its muscular activation
patterns. Nine classical dancers performed the demi-plié itself and prior to other ballet
movements such as: pirouette en dehors; relevé; sauté; and sissonne fermée de coté.
Muscular activation of the tibialis anterior, gastrocnemius medialis, rectus femoris, and biceps
femoris were measured using surface electromyography. All muscles showed significant
differences across the ballet movements; however, the BF was the least active muscle and
behaved similarly across experiments. Effect sizes (ES) of selected statistical metrics showed
large variability depending on the movement. Nonetheless, the direction of the ES was positive
in all experiments, with distinct behavior of muscular activation depending on the demi-plié
end-goal. The tibialis anterior was the only muscle that showed significant differences for all
experiments. Specific muscular demands depending on the demi-plié end-goal such as
pirouettes and jumps, happen with the attempt to anticipate the next motor action, suggesting
potential applications for refining ballet training and rehabilitation practices to enhance

performance and prevent injuries.

Keywords: demi-plié; electromyography; movement pattern; ballet movement
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7.1 INTRODUCTION

Classical ballet is a highly expressive art form that requires significant physical demands
from the dancers, especially in terms of their lower limb strength and control. The demi-plié
movement, which involves bending the knees while maintaining an upright posture, is a
fundamental technique in classical ballet that is used extensively in various ballet movements.

The demi-plié movement consists of two phases: descending phase and ascending
phase. During the descending phase, the dancer lowers their body by flexing the knees and
ankle joints simultaneously, with external rotation of the hips, while maintaining heels on the
floor and minimum pelvic tilt with an upright posture (Coker et al., 2015; Kim and Kim, 2016).
The descending phase is critical for developing lower limb strength, as it requires the activation
of several muscles at the same time. The ascending phase of the demi-plié is initiated by the
upward movement of the hip, which extends the thighs, knees and ankle joints simultaneously.
The muscles of the lower limb work to accelerate the upward movement and control the ascent.
The ascending phase is often in preparation for subsequent movements (Imura and lino, 2017,
2018).

Research in classical ballet has evolved in the past decades (Quadrado et al., 2022),
with the number of publications growing every year, and a baseline of knowledge being created
in terms of studies regarding ballet movements, comparisons about modalities, and
comparisons amongst levels of expertise and sex. Sensing technology such as surface
electromyography (EMG) has the strong potential to reveal aspects of movement dynamics and
how the muscles coordinate to express the aesthetic and beauty seen in classical ballet.

Previous research has used EMG in studies regarding the demi-plié, describing the
pattern of muscular activation of the lower limb in this movement (Trepman et al., 1994, 1998;
Lin et al., 2013), and also the muscular activation of other ballet movements such as complex

jumps amongst skilled ballet dancers (Lepelley et al., 2006). Trepman and colleagues (1994)
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have also made comparisons of the demi-plié performance between classical ballet dancers
and modern dancers, highlighting the differences in the muscular activation patterns depending
on the dance modality. Kim and Kim (2016) have compared the muscular activation patterns
between the demi-plié and relevé (heel rises) with simple heel raises and squats, clarifying the
differences between these movements due to the technical expertise required in classical ballet.
Lee and colleagues (2012) made comparisons between injured versus non-injured ballet
dancers during the execution of a ballet movement that requires lateral body displacement
(sissonne fermée de cété), showing that injured dancers presented higher muscular
co-contraction in the non-dominant leg. To the best of our knowledge, there are no studies
analyzing the hypothetical differences on the demi-plié muscular activation when linked to other
ballet movements. For instance, the demi-plié may present differences in coordination when it is
in preparation for a vertical jump or for a turn, as the end goals of those movements are
different.

In the present study, we aimed to find the differences in muscular activation during both
phases of the demi-plié when it is performed by itself and when it is in preparation for
subsequent movements such as: vertical jumps (sauté); heel rises (relevé); outward turn
(pirouette en dehors); and lateral body displacement (sissonne fermée de cété). We
hypothesized that the muscular activation of the demi-plié would differ according to the

end-goal.

7.2 METHODS

7.2.1 Participants

Nine classical ballet dancers (6 females, 3 males), aged between 20 to 34 years old

(mean % standard deviation (SD) of 23.6+4.6 years old), with a minimum of six years (meantSD
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of 11.3+4.6 years) of experience in classical ballet and currently active in the modality, training a
minimum of 5 hours per week (meantSD of 14.7+11.4 hours) participated voluntarily in the
experiment. The sample size was estimated using F-tests (ANOVA, Repeated Measures, Within
Factors) for 1 group and 5 measurements, an alpha error probability of 0.05, a beta error
probability of 0.20, non-sphericity correction € = 1, effect size (ES) = 0.4, and a correlation
amongst measures of 0.50, which provided a total sample size of 9 subjects. This procedure
was performed using the GPower software (version 3.1, Universitat Dusseldorf, Germany).
Participants’ demographics varied between college students (characterized as
pre-professional dancers n=3), professionals currently working in professional dance companies
(n=3), and amateur dancers, practicing ballet classes as a hobby or for leisure (n=3). All
participants provided limb dominance information by answering which leg they would prefer to
kick a ball and which hand they would prefer to throw and catch an object, and only one female
participant showed to be left-side dominant. Participants were healthy and had not suffered any
injury within six months prior to the experiment date. All participants provided signed informed
consent for voluntary participation in the experiment. This research was approved by the local
ethical committee, in accordance with the latest version of the Declaration of Helsinki for

experiments in humans.

7.2.2 Data collection

EMG data was recorded using two portable devices (BITalino MuscleBIT, Plux
Biosignals) (Batista et al., 2019), one for each leg, attached to a small pouch placed around the
waistline of the participants. Each device had four channels, each connected to a twined cable
and snap buttons for pairs of surface disposable electrodes (Ag/AgCI). Electrode pairs were
placed in a bipolar configuration along the longitudinal axis and belly of the selected muscles:

tibialis anterior (TA); gastrocnemius medialis (GM); rectus femoris (RF); and the long head of

117



the biceps femoris (BF) muscle, bilaterally for all the participants. The inter-electrode distance
was 1.5 cm. The correct placement was confirmed by manual muscle testing performed by an
experienced researcher, and visual inspection of the raw EMG signal by the experimenter. The
ground electrode was placed over the right lateral malleolus of all participants. The same
researcher was responsible for the placement of electrodes in every participant. After
familiarization, participants reported no serious impediment, of either electrodes or cables, in
performing the referred ballet movements. The EMG devices were connected via Bluetooth to a
computer, and data was captured at a sample rate frequency of 1000 Hz. Before placing the
electrodes, the skin was shaved when needed, cleaned with alcohol, and slightly abraded to
further reduce skin resistance, in accordance with the SENIAM recommendations (Hermens et

al., 2000).

7.2.3 Experimental design

Participants performed the demi-plié and the demi-plié in preparation for four subsequent
movements, such as: sauté; relevé; pirouette en dehors; and sissonne fermée de cété. The
sequence of movements was randomly determined for each participant. As a matter of
standardization of the experimental design, all movements were performed in the “first position”,
well-known in classical ballet for both feet and arms, which is characterized as an external
rotation of the thighs and legs, with both feet pointing outward, and arms elevated at the belly
button height, with forearms slightly supinated and rounded with the hands facing the dancer.
Participants had warmed up prior to measurements and testing.

The researcher provided clear verbal instructions for the descending phase of the
demi-plié, which was set to a 64-bpm metronome cadence, to be performed in two beats. This
was followed by the preparatory phase for the ascending phase that seamlessly blended into

the following movement.
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Participants completed five cycles of each experimental condition, which were
performing the demi-plié itself and in preparation for four other subsequent ballet movements
aforementioned. Based on a preliminary trial, five rounds of each experimental condition were
determined to be optimal to avoid muscle fatigue, since participants had to perform five different
experimental conditions in a single session. Each experimental condition was separated by a
five-minute rest period for all participants. Participants wore soft ballet shoes, typical for ballet
practice. The experiment was conducted in a room with a linoleum floor, often found in ballet
studios and theaters, and dimmed lighting to eliminate distractions or disturbances. The entire

experimental session lasted about one hour.

7.2.4 Data analysis

The EMG signals were recorded using the OpenSignals software (Plux Biosignals), in
which the starting time of the descending phase of the demi-plié, and the end of the ascending
phase, when the demi-plié would then be fused to the subsequent movement, were identified.
The timing of muscle contraction was selected for both phases using the muscle activation
pattern observed in the isolated demi-plié performance as the reference. As the metronome was
set at 64 bpm, the time of execution of the demi-plié was two beats of the metronome for the
descending phase, and two beats for the ascending phase, then linked to the subsequent
movement. However, depending on the subsequent movement, muscle activation could differ,
possibly in anticipation for the next movement, so the ascending phase was limited based on
the time set by the metronome, which often coincided with the deactivation of the TA in the
ascending phase, as observed in the isolated demi-plié.

EMG signals were visually inspected for artifacts and noise. We have applied a low-pass

filter at 450 Hz, high-pass filtered at 10 Hz, rectified and linear envelope low-pass filtered at 2.5
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Hz (Nielsen et al., 1994; Barsotti et al., 2018), using a custom-designed MATLAB routine
(version R2022b, MathWorks Inc., USA), also used for plotting the data.

Data was further analyzed on a different custom-designed MATLAB routine, taking the
duration of the descending and ascending phases of the demi-plié, and selected metrics such
as: integral; mean; standard deviation (SD); kurtosis; skewness; minimum contraction; quartiles
at Q50, maximum contraction; and interquartile range (IQR), for all the selected muscles,
bilaterally for all the participants and for all movements.

The integral metric was used to normalize the EMG signals by taking the simple

demi-plié as a reference and calculating the integral values as expressed in Equation 1.

Equation 1: EMG dataset normalization. x represents the demi-plié prior to subsequent movements.

[(integral of x — integral simple demiplié)—+integral simple demiplié)]x100%

Statistical analysis was performed to the normalized data, as well as to investigate
potential differences in the referred metrics of the demi-plié in all five movements for each leg
separately, using the SPSS software (IBM SPSS version 29.0.0). Descriptive analysis was
conducted alongside non-parametric tests such as related-samples Friedman’s two-way
analysis of variance and Wilcoxon Signed rank tests, to assess differences amongst the five
different movements, and pairwise comparisons for each pair of movements. Furthermore, the
independent-samples Mann-Whitney U test was conducted for comparing both legs to examine
any significant differences in metrics between them. Results indicated that both legs exhibited
similar behavior.

Based on these findings, the aforementioned descriptive analysis was repeated. This
time, both legs were considered for computing subsequent variables such as: duration; integral;

SD; kurtosis; skewness; Q50; maximum contraction; and IQR. This analysis was performed for
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all five movements and for each selected muscle. The significance level of 5% was considered.
Significance values were adjusted by the Bonferroni correction for multiple tests. Finally,
Cohen’s d effect size (ES) was analyzed, taking into consideration the mean and SD values for
each selected muscle and the comparison between them. Furthermore, we have made

comparisons amongst the four muscles for each experimental condition.

7.3 RESULTS

7.3.1 Analysis of each muscle for all experimental conditions

The statistical analysis did not show significant differences for the normalized EMG data.

The envelope of the EMG signal shows the intensity of the amplitude of muscle
contractions, as well as how long a certain muscle remains activated during the movement
execution, which was possible to observe for each of the four muscles during the full
experimental session of the demi-plié performance. By visually inspecting the plots displayed in
Figure 1, it is possible to observe the distinctions in muscle activity throughout time. As seen in
Figure 1 A), the TA muscle showed the highest muscular activation throughout the experiments
that can be seen through the amplitude values in mV, and the BF muscle the lowest, in contrast.
However, TA and GM are agonist-antagonist muscles, and they both display similar amplitudes,
but distinct patterns. On the other hand, RF and BF are also agonist-antagonist muscles, and
their behavior throughout the experiments cannot be seen as analogous. The amplitude and
frequency of muscle activity in the RF is higher than seen in the BF. The data contained in

Figure 1 is from a randomly selected participant.
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Figure 1: EMG envelope signal of the right leg for all movements performed in random order by an exemplar
participant. A) tibialis anterior; B) gastrocnemius medialis; C) rectus femoris; D) biceps femoris (long head). The
order of execution was relevé, demi-plié, pirouette en dehors, sauté, and sissonne fermée de cété. Axis X displays

the time in minutes. Axis Y displays the amplitude of the EMG signal in microVolts.

Each muscle was analyzed independently, for all experiments, and Table 1 outlines the
significant differences observed between the demi-plié and the demi-plié performed prior to
each subsequent movement. Figure 2 depicts a diagram that illustrates for each muscle their
significant differences across the experiments. The BF muscle did not show significant
differences when compared to the simple demi-plié. The RF muscle showed significant
differences in both the demi-plié prior to relevé and sauté when compared to the simple

demi-plié, but not when it was compared to the demi-plié prior to pirouette en dehors and
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sissonne fermée de coété. Both muscles TA and GM showed significant differences in the

demi-plié prior to all movements when compared to the simple demi-plié.

Table 1: EMG metrics displaying significant differences between the demi-plié and the demi-plié prior to pirouette en

dehors, relevé, sauté, and sissonne fermée de cété for each muscle regarding the difference in the metric (A),

p-values, and effect sizes (ES). TA: tibialis anterior; GM: gastrocnemius medialis; RF: rectus femoris.

EMG
metric Muscle

duration TA
(ms)

integral
((uV.s)

SD (pv) =
kurtosis TA

skewness TA

Q50 (pV) -
max (uV) -
IQR (pV) -

Pirouette en dehors

A; p-value; ES

199; <.019; 32.3

2272;<.001; 1.83

1061; <.001; 1.89

A) tibialis anterior

Demi-plié

Muscle

TA;

GM
TA

RF

RF

TA

Demi-plié prior to
Relevé

A; p-value; ES

3201; <.001; 28.4
5010; <.022; 0.65

9.8; <.009; 0.75

2.7,<.044;0.79

0.5; <.022; 0.66

37.2;<.001;0.77

Pirouette en dehors

Sissone Fermée de Cété

Muscle
GM;

RF

RF
TA;

RF

Relevé

Sauté

Sauté

A; p-value; ES

185; <.003; 0.98
157; <.001; 1.17

2.4;<.005;0.26

1.9; <.032; 0.91
0.5; <0.22; 0.72

Sissonne fermée de

Muscle

TA;

GM
GM

TA

TA

GM

GM

coté

A; p-value; ES

3915; <.007; 21
3909; <.003; 0.88

12; <.002; 0.79
2.8;<.022;0.77

9.2;<.001; 1.01

25; <.032; 0.05

18.4; <.011;0.76

Duration ES= 32.3, p < .019

Kurtosis ES= 1.83, p < .001

Skewness ES= 1.89, p < .001

Integral ES= 28.4, p < .001
SD ES= .75, p < .009
Max ES= .77, p < .001

Skewness ES= .91, p <.032

Integral ES= 21, p < .007

Kurtosis ES= .77, p < .022

Skewness ES=1.01, p < .001
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B) gastrocnemius medialis

Relevé Integral ES= .65, p < .022
Demi-plié Sauté Duration ES= .98, p <.003
Integral ES= .88, p < .003
) 3 i SD ES=.79,p <.002
Sissone Fermée de Cété
Q50 ES= .05, p <.032
IQRES=.76,p < .01
C) rectus femoris
3 Kurtosis ES= .79, p < .044
Releve
Skewness ES= .66, p < .022
Demi-plié

Duration ES= 117, p < .001
Sauté Kurtosis ES= .26, p < .005
Skewness ES=.72, p < .022

Figure 2: Diagram of each muscle and their significant differences regarding the statistical metrics for each
experimental condition when compared to the isolated demi-plié. A) tibialis anterior; B) gastrocnemius medialis; C)

rectus femoris. ES: effect size.

We have made comparisons amongst the four muscles regarding each experimental
condition, and Figure 3 depicts the boxplot of such comparisons. The demi-plié prior to pirouette
en dehors (Figure 3B) and prior to sissonne fermée de cété (Figure 3E) display significant
differences in the GM and BF amongst all the muscles and amongst each other, whereas the
simple demi-plié (Figure 3A) displays significant differences only for the BF. The other
experimental conditions did not show significant differences amongst the muscles (Figure 3C

and D).
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Figure 3: Boxplots of the EMG integral for muscles tibialis anterior (TA), gastrocnemius medialis (GM), rectus
femoris (RF) and biceps femoris ‘long head’ (BF) of all participants. Each muscle displays respective values for each
experimental condition. Numbers in the plot represent muscle activation not typical of the rest of the data, displaying
significant differences. A) demi-plié: the BF showed significant differences when compared to other muscles; B)
demi-plié prior to pirouette en dehors: the muscles GM and BF showed significant differences when compared to the
other muscles and with each other; C) demi-plié prior to relevé: the GM showed significant differences when
compared to the other muscles; D) demi-plié prior to sauté; E) demi-plié prior to sissonne fermée de cété: the: the
muscles GM and BF showed significant differences when compared to the other muscles and with each other. Axis

X displays the muscles. Axis Y displays the amplitude of the EMG signal in microVolts.
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7.3.2 Analysis of the effect size

Cohen's d ES measures the difference between two means divided by a pooled SD. This
ES measure gives an indication of how many SD separate the two group means, which in the
present study, it was expressed by the difference between the isolated demi-plié with each of
the other experimental conditions. In the present study, the ES presented values ranging from
very small to huge depending on the metric and muscle for each experimental condition.
Additionally, all values of ES were positive, suggesting that when the demi-plié has an end-goal,
the muscle is more actively engaged or undergoes more strain than when it is activated for the

execution of an isolated demi-plié.

7.3.2.1 Tibialis Anterior

Effect sizes of huge magnitude values were found for the TA muscle regarding the
demi-plié prior to pirouette en dehors when compared to the simple demi-plié for the metrics
duration, kurtosis, and skewness. Also, in the metric integral regarding the demi-plié prior to
relevé and prior to sissonne fermée de cété, and in the skewness regarding the demi-plié prior
to sauté. For the other metrics regarding the other movements, the TA showed large ES values

(Table 1; Figure 2A).

7.3.2.2 Gastrocnemius Medialis

The GM muscle showed medium ES in the metric integral regarding the demi-plié prior
to relevé, and in the metrics SD and IQR regarding the demi-plié prior to sissonne fermée de
coté. Large ES was found in the metric duration regarding the demi-plié prior to sauté, and in
the integral regarding the demi-plié prior to sissonne fermée de cété. Lastly, a very small ES

was found in the metric Q50 sissonne fermée de cété (Table 1; Figure 2B).
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7.3.2.3 Rectus Femoris
The RF muscle showed medium ES in all the significant metrics regarding the demi-plié
prior to relevé, but huge ES in the duration of the demi-plié prior to sauté, small ES in the

kurtosis, and medium ES in the skewness of this same movement (Table 1; Figure 2C).

7.4 DISCUSSION

The aim of the present study was to test the hypothesis that the demi-plié movement
presents different muscular activation patterns depending on the end-goal. We analyzed the
demi-plié movement itself and in preparation of four subsequent movements (i.e. pirouette en
dehors, relevé, sauté, and sissonne fermée de céte).

Each muscle was analyzed individually, for each experimental condition, and the results
showed significantly different patterns of muscular activation for all muscles, except for the BF. A
possible explanation can be due to the BF activity being primarily in the descending phase of
the demi-plié (Padulo et al., 2013), which appeared consistent across all experimental
conditions. Additionally, Gregoire et al. (1984) described the muscular activation of a squat
movement prior to a vertical jump, arguing that the movement is controlled in a proximodistal
manner. In other words, the preparation for a vertical jump is controlled by the lower limb
muscles respecting a certain order of activation that comes from the pelvis, then the knees, and
finally the ankles. The authors reported that the hamstrings are active just before take-off, and in
our experiments, the BF was the least active muscle that in fact behaved similarly across
conditions. Hence, there were no significant differences in the BF performance when the
demi-plié had different end-goals.

The TA muscle showed the most significant differences in regards to all metrics and
experimental conditions. In the demi-plié ballet movement, especially in its ascending phase,

the TA is already contracted to its full capacity in order to propel the body against gravity
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(Trepman et al., 1994). When it comes to the ES analysis, the TA was the muscle that showed
the most frequent huge ES values, showing its remarkable function in the performance of the
demi-plié when this movement has different end-goals, especially in the execution of the
demi-plié prior to pirouette en dehors, which happens to be a very complex movement. The
pirouette en dehors involves a single-leg movement with pivotal motion that reflects an outward
turn, while the opposite leg undergoes external rotation with hip and leg flexion, and the tip of
the hallux toe touches the medial part of the opposite knee. Imura and lino (2018) have studied
the kinetics involved in the revolution of a pirouette, describing the angular momenta of the hips
and upper body in preparation for the revolution. However, there were no interpretations of the
lower body behavior, and the present study potentially complements the research performed by
Imura and lino in 2018, adding EMG findings that increase the baseline of knowledge of
classical ballet. Even though we have only analyzed the demi-plié prior to a pirouette, it would
be interesting to further analyze each leg separately, perhaps incorporating the use of a force
platform to measure the center of pressure and ground reaction forces during the demi-plié prior
to a pirouette en dehors, providing additional insights into the movement dynamics.

The GM muscle had the highest differences in the demi-plié prior to sissone fermée de
coté, but also presented significant differences in the duration of contraction in the demi-plié
prior to sauté, both displaying a large ES. Both sissone fermée de cété and sauté demand
plyometric forces to execute the jump, requiring full extension of both legs simultaneously. Coh
and colleagues (2015) have shown that the GM displayed the highest peaks of contraction just
before take-off. However, in the present study, we cannot precise the moment of highest peaks
of contraction, as we have only observed the overall muscle behavior during the execution of
the simple demi-plié and the demi-plié with different end-goals, knowing that the ascending
phase of the demi-plié is fused to the subsequent movement. Moreover, when a ballet dancer
performs a jump, the aesthetic and technique of classical ballet require that both legs are fully

extended in the air and with both feet in plantarflexion, which means that the GM remains
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activated after take-off. It makes sense that this muscle displays distinct patterns when the
demi-plié is in preparation for jumps.

The RF muscle is a biarticular muscle that performs both leg extension and hip flexion,
so it was expected that this muscle would not show strong activity during the demi-plié,
corroborating our findings with the ones from Trepman and colleagues (1994), who were the
first researchers to study the EMG technique to analyze muscular activity in the demi-plié
movement. The authors also made comparisons between classical and modern dancers,
whereas in the present study, we have solely analyzed classical dancers. However, when the
demi-plié movement is fused to the next motor action and the legs begin to extend, the RF
showed significant differences when the demi-plié is in preparation for a relevé, which requires
that both legs are fully symmetrically extended in a closed kinetic chain. Additionally, the RF
showed significant differences when the demi-plié is in preparation for a sauté, which is a
vertical jump requiring both legs symmetrically extended while in the air. The RF duration of
contraction in the demi-plié prior to sauté had a huge ES, whereas the other metrics presented
medium values of ES for both movements, revealing how the RF can be important when the
subsequent ballet movement demands symmetry from both legs.

Our study was not free from limitations, for instance, the sample size, which was small
and with classical dancers from different levels of expertise. It would be interesting to have a
larger sample and analyze the EMG data from the participants and make comparisons amongst
different levels of expertise. Furthermore, according to a systematic review performed by our
group, regarding sensing technologies to capture and analyze ballet movements’ data, we
concluded that two or more techniques will increase data reliability (Quadrado et al., 2022). In
the present study we have only analyzed EMG data, and it would be suggested to incorporate
additional sensing technologies such as force platforms and electroencephalography, in order to

measure ground reaction forces and brain activity, respectively.
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The implications of our study are potentially significant for the refinement of training
paradigms and rehabilitation strategies within the context of ballet. Ballet coaches, in particular,
may find these insights invaluable as they strive to enhance the efficacy of training sessions and
rehearsals. By incorporating our findings, they could more effectively mitigate the risks
associated with muscle fatigue and the consequent likelihood of injury. This proactive approach
to training could fundamentally transform the traditional methodologies employed in ballet
education, promoting a more sustainable practice that prioritizes the well-being and longevity of
dancers.

Furthermore, the relevance of our results extends to clinical settings, where
physiotherapists and rehabilitation specialists may harness the detailed understanding of ballet
movements provided by our study. This could facilitate the design of targeted rehabilitation
routines that employ ballet-specific movements as therapeutic exercises. Such routines could
be particularly beneficial in addressing and ameliorating the frequent, yet often minor, injuries
incurred by dancers during their rigorous daily practices. Overall, our study contributes to a
more nuanced understanding of ballet mechanics, offering a dual benefit of enhancing
performance while reducing injury risk, thereby supporting the health and career sustainability of

dancers.

7.5 CONCLUSION

Each muscle presented a different muscular pattern of activation depending on the

end-goal of the demi-plié. It seems that the execution of the demi-plié is directly related to the
subsequent ballet movement, so the muscles will display a distinct behavior already in the

demi-plié, as an anticipatory response to the next motor action.
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ABSTRACT

Demi-plié is a ballet movement involving a continuous bend of the knees, keeping the thighs
externally rotated and heels on the ground. Task goals may influence brain activation patterns.
Twelve classical dancers performed the demi-plié itself and prior to other ballet movements such
as: relevé; sauté; sissonne fermée de cété; and pirouette en dehors. Electroencephalography
measures were taken from the primary motor area, premotor cortex, and supplementary motor
area during the movement performance. Significant differences were found amongst the
demi-plié prior to jumps and turns. The sensorimotor cortex seems to display different orders of

activation depending on the demi-plié end-goal.

Keywords: demi-plié; electroencephalography; cortical activity; movement pattern; ballet

movement
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8.1 INTRODUCTION

Demi-plié is a ballet movement that involves bending the knees with the lower limb in
external rotation (turnout) and heels on the ground while maintaining an upright posture, being
foundational in classical ballet technique, and extensively used in preparation for other ballet
movements.

The demi-plié movement consists of two phases: descending and ascending. During the
descending phase, knee flexion and ankle dorsiflexion happen simultaneously, critical for
developing lower limb strength, and requiring the activation of several muscles at the same
time. The ascending phase of the demi-plié is initiated by the upward movement of the pelvic
complex, extending the thighs, knees, and ankle joints simultaneously. The muscles of the lower
limb work to accelerate the upward movement and control the ascent, which is often in
preparation for subsequent ballet movements, such as jumps, turns or heel rises [1-3].

Interlimb coordination and anticipatory adjustments for subsequent movements are
paramount to performing a correct demi-plié. Notwithstanding, interlimb coordination might
change due to different end-goals with potential consequences at the brain level. Previous
research [4] using electroencephalography (EEG) in ballet dancers, has found that the
long-term specialized use of the muscles induces adaptation of the strategy used by the central
nervous system to perform a particular muscular contraction, which suggests that the demi-plié
movement execution may present differences at the cortical control depending on its end-goal.
Therefore, we hypothesize that cortical activity will differ depending on the end-goal, i.e. when
the demi-plié is in preparation for different subsequent movements.

Scalp EEG is one of the most frequently used neurophysiological methods, providing
information about changes in electrical potential across the brain with high temporal resolution.
Typical EEG setups measure cortical activity across multiple points on the scalp. The source
location of the electrode's position on the brain cortex has corresponding relationships with

motion parts and motion types of the body, which makes it possible to characterize cortical
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activity associated with movement by EEG signal analysis [5]. Lower limb areas are mainly
associated with the upper portion of the motor cortex, near the medial surface of the brain.

In EEG analysis, brain wave frequencies are categorized into different bands, each
associated with different cognitive processes [6,7]. The frequencies alpha (8-12 Hz), low-beta
(13-18 Hz), and high-beta (18-30 Hz) are amongst these bands, and their relationship with lower
limb voluntary movement is an area of interest in neuroscience and neurophysiology [8,9].
Alpha rhythm is known to be indicative of a relaxed, yet alert state and is often prominent when
the individual is in a state of wakeful rest with their eyes closed. Beta rhythms are suggested to
play a role in maintaining the current motor state, which is essential for movements involving the
lower limbs [10,11]. Low-beta activity is typically associated with active engagement in motor
tasks. In particular, in tasks requiring anticipation of movement, as in the case of the demi-plié in
preparation for subsequent ballet movements, low-beta activity might be indicative of the brain’s
processing of this information [12]. Moreover, the high-beta frequency band is also linked with
higher-level cognitive processes involved in human movement, such as attention, working
memory, and the integration of sensory feedback necessary for precise motor adjustments.

The primary motor cortex (M1) is central to the direct execution of movement, especially
in controlling lower limb movements. Located in the precentral gyrus of the frontal lobe, M1
contains neurons that project directly to the spinal cord, influencing muscle contractions and
movement execution. This cortical area has a somatotopic organization, meaning that specific
regions correspond to different parts of the body, with a considerable portion dedicated to the
control of the lower limbs. When initiating a movement, M1 becomes actively involved in
sending precise motor commands to the relevant muscles, ensuring accurate execution of
actions. M1 is particularly crucial for the fine-tuning of movements, allowing for detailed and
nuanced control of the lower limbs, which is essential for tasks requiring precision and
coordination, such as walking, running, or performing complex tasks that involve the legs

[13,14,15].
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The premotor cortex (PMC) plays a role in the planning and preparation of movements,
acting as a bridge between the intention to move and its execution [16]. Situated anteriorly to
the M1, the PMC integrates sensory information with motor plans, preparing the body for
movement. It is actively involved in the spatial and temporal organization of movements,
essential for coordinating complex motions, especially in the lower limbs. The PMC thus
contributes to the selection of appropriate motor plans and sequences of actions, working
closely with other brain areas to ensure that movement commands are carried out smoothly and
efficiently. This area is particularly important for movements that are guided by external cues or
require adaptation to changing environments, such as adjusting gait or balance during dynamic
activities involving the lower limbs [16,17].

The supplementary motor area (SMA) is integral to the initiation of complex, sequenced
movements, playing a role in the higher-level planning and execution of motor tasks. Located on
the medial surface of the frontal lobe, the SMA is important for the coordination of bilateral
movements and integration of movements of different body parts, including the lower limbs. It is
involved in the initiation of movements, particularly those that are internally generated or involve
a sequence of actions. The SMA works in conjunction with the M1 and PMC, contributing to the
smooth execution of movements by ensuring that the various components of a motor task are
properly sequenced and timed. Its contribution is vital for activities that require coordination of
both lower limbs, such as intricate footwork in dance or sports [16,17].

As such, motor coordination is not managed by specific brain areas but rather requires a
general increase in activation of a complete motor network which is distributed across cortical
and subcortical regions. Therefore, due to different planning demands we expect to observe
different patterns of cortical activation in the M1, PMC, and SMA, depending on the end-goal of
the demi-plié. In particular, we expect to observe differences in the brainwave frequency bands
alpha, low-beta, and high-beta, since those frequencies are related to brain activity associated

with movement [5,8,12-17]. To the best of our knowledge, this is the first study that makes use
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of EEG to analyze brain activation patterns of the M1, PMC, and SMA during the performance

of a classical ballet movement.

8.2 METHODS

8.2.1 Participants

Ten female and two male classical ballet dancers, aged between 20 and 45 years old,
with a minimum of six years of experience in classical ballet and currently active in the modality,
participated in this study. The sample size was determined using F-tests (ANOVA, Repeated
Measures, Within Factors) for 1 group and 5 measurements, an alpha error probability of 0.05,
and a beta error probability of 0.20, which provided a total sample size of 12 subjects. This
procedure was performed using the GPower software (version 3.1, Universitat Dusseldorf,
Germany).

The demographic profile of the participants ranged from pre-professional dancers (n=5)
to professionals employed by dance companies (n=3), and amateurs taking ballet for recreation
(n=4). Everyone indicated their dominant limb by specifying which leg they would use to kick a
ball and which hand they would prefer for throwing and catching an object; however, all
participants declared to be right-side dominant. Participants were healthy and had not suffered
any injury within six months prior to the experiment date.

All participants provided signed informed consent for voluntary participation in the
experiments. The research was approved by the local Ethical Committee, in accordance with

the latest version of the Declaration of Helsinki for experiments in humans.
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8.2.2 Data collection

In the present study, brain cortical activity was recorded using EEG (ENOBIO® EEG
Systems, Neuroeletrics), with 8 channels and a sampling rate frequency of 500 Hz. Dry
electrodes were placed using a neoprene cap over the motor areas: C3; C1; Cz; C2; C4; F3; Fz;
and F4, according to the international extended 10-10 system [16], which offers a finer
resolution including C1 and C2 (Figure 1). Electrodes were placed on the head of the
participants with reference to anatomical landmarks such as the inion, nasion, and left and right
pre-auricular points, such that the central electrode Cz is approximately aligned with the vertex.

The source location of each channel was chosen based on its brain functional
representation related to voluntary lower limb movement. The M1, PMC, and SMA are important
components of the brain's cerebral cortex, each associated with distinct gyri and collectively
involved in the control and execution of movements [16,17].

The specific electrodes relevant for capturing M1 activity are C3, Cz, and C4. These are
strategically positioned to monitor the left hemisphere (C3), the midline (Cz), and the right
hemisphere (C4), respectively. In a more detailed 10-10 system, electrodes C1 and C2 provide
finer resolution for M1 activity. C1 is located over the left hemisphere and C2 over the right, both
positioned slightly off the midline, being instrumental in capturing neural signals related to
voluntary muscle movements of the lower limbs, according to the homunculus representation,
especially fine motor actions [16-19].

The relevant electrodes for monitoring PMC activity include F3, Fz, F4, C3, Cz, and C4,
combining both the frontal and central regions [18,19].

The most relevant electrodes for SMA activity are Fz and Cz. These midline electrodes
are effective in capturing activity of the SMA due to its medial location. Additionally, electrodes

C1 and C2 from the 10-10 system, while more directly over the M1, can also pick up some
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activity from the SMA. This is due to the adjacency of these areas, allowing for the capture of

some SMA-related signals, although with less specificity than the midline electrodes [16-19].

Fp1 Fp2

® @ @]

FC5 FC3 Fc1 FCz FC2 FC4 FC6

- o000

cp5 CP3 CP1 CPz CP2 CP4 Cps

P3 Pz P4

Om (Osma (Jpmc

Figure 1: Brain cortical location for each of the 8 electroencephalography dry electrodes placed on the scalp of all the
participants in a nylon cap. C3, C1, Cz, C2, and C4 capture cortical activity from the M1 (primary motor area); C1, Cz,
C2, and Fz capture cortical activity from the SMA (supplementary motor area), and; C3, Cz, C4, F3, Fz and F4

capture cortical activity from the PMC (premotor cortex area).

8.2.3 Experimental Design

Participants performed the demi-plié and the demi-plié prior to four subsequent ballet
movements, such as: relevé; sauté; sissonne fermée de cété; and pirouette en dehors.

Participants were allowed to choose their preferred side to perform the pirouette revolution, as
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well as the lateral body displacement in the sissonne. The order of ballet movements was
randomly selected for each participant, all performed in the “first position” of classical ballet for
both feet and arms, which is characterized as an external rotation of the thighs and legs, with
both feet pointing outward, and arms elevated at the belly button height, with forearms slightly
supinated and rounded with the hands facing the dancer. Participants wore soft ballet shoes,
regularly used in ballet training, and had warmed up prior to measurements and testing.

The metronome configured at 64 bpm set the cadence of the descending phase of the
demi-plié, clearly verbalized by the experimenter to perform the descending phase in 2 beats,
and to prepare for the ascending phase that would be fused to the subsequent ballet movement.
For the performance of the simple demi-plié, participants were instructed to also perform the
ascending phase in 2 beats of the metronome.

Participants performed five repetitions of each ballet movement, with varied interval
times between repetitions, in order to stabilize the EEG signal after the landing of the sauté,
sissonne fermée de coté, and pirouette en dehors. For the simple demi-plié and relevé, which
did not present any impact on landing, therefore not presenting destabilization of the EEG
signal, a protocol of 4 beats of the metronome as intervals between repetitions was followed.
The pilot trial showed that five repetitions would be the optimum amount in order to avoid
muscular fatigue, as the participants would have to perform five different movements in only one

experimental session.

8.2.4 Data Analysis

8.2.4.1 Isolating the demi-plié from the subsequent ballet movements

To understand brain activity during the demi-plié in all experimental conditions, we
focused on isolating this ballet movement, particularly its descending and ascending phases.

We achieved this by synchronizing the movement with the EEG software at the moment the
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participants initiated the demi-plié, marking the transition to subsequent ballet movements. This
synchronization was guided by real-time annotations made by the experimenter. Further, we
compared the brain activity during the demi-plié with that of a simple demi-plié, focusing on the
descending phase and the start of the ascending phase. It is noted that the end of the
ascending phase blends seamlessly into the next motor action, creating a continuous flow. This
approach allowed for a detailed study of cortical responses associated with specific stages of

the demi-plié.

8.2.4.2 lllustrating the demi-plié brain cortical activation

Wavelet analysis in EEG is a mathematical and signal processing technique used to
analyze and decompose EEG signals into different frequency components and their respective
time-domain representations [20]. It provides a multi-resolution analysis, which means it can
reveal both high and low-frequency components of the EEG signals with good temporal
localization [20]. In other words, a wavelet spectrogram provides a visualization of how the
different frequency components vary over time, which is crucial for understanding dynamic brain
activity.

In the present study, wavelet transforms were employed to extract specific frequency
bands such as alpha (8-12 Hz), low-beta (13-18 Hz), and high-beta (13-18 Hz). This technique
decomposes the EEG signal into its constituent frequency components, enabling the
identification of the selected frequency bands within the decomposed signal [21,22]. This
process is instrumental in determining the power and distribution of these bands over time,
offering a comprehensive view of brain activity [21,22]. Furthermore, the wavelet analysis
helped in removing eventual unwanted artifacts and noise from the EEG recordings, enhancing
the quality of the data for further analysis. Movement artifacts such as eye blinks and pulsatile

were not observed during the execution of the demi-plié. A cross wavelet and wavelet

143



coherence toolbox for MATLAB (version R2022b, MathWorks Inc.) [23] was used together with
an in-house developed script to process the EEG signals, which were further analyzed for

comparisons amongst conditions.

8.2.4.3 Statistical analysis

After extracting the selected frequency bands, the next step was to calculate their
relative metrics. This was essential for understanding the role and significance of each
brainwave type in the overall brain activity. For instance, the relative activity of alpha waves was
measured in comparison to other brainwave frequencies, highlighting their contribution to the
selected frequency bands [24, 25]. This relative measurement was achieved by first calculating
the power of each frequency band, typically through the squaring of the EEG signal amplitude
within each band. This power was then normalized by dividing it by the total power across all
frequency bands. Such a metric can offer valuable insights into the proportion and significance
of different brain waves in various cognitive states, enhancing our understanding of brain activity
associated with movement [26].

Particularly when examining frequency bands such as alpha, low-beta, and high-beta,
metrics such as integral, Q50 (median), and IQR (interquartile range) were utilized in the data
analysis. The integral of a frequency band, for instance, represents the amplitude within that
band, calculated as the area under the power spectral density curve. This metric is significant as
it indicates the overall level of activity in a specific band. For example, a high integral in the
alpha band can suggest a state of relaxation or meditation, given the association of alpha waves
with such states [27]. Additionally, the Q50 and IQR metrics, respectively represent the stability
and variability of neural oscillations within that frequency band, providing insights into the

dynamics of cortical processing for each movement [27].
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Descriptive analysis considered a confidence interval for the mean of 95%.
Non-parametric analysis of Friedmann's 2-way ANOVA by ranks were performed for comparing
all the five experimental conditions, with pairwise comparisons and Bonferroni post-hoc
comparisons of significant values. Statistical analysis was performed using the IBM SPSS

software (version 28, IBM Inc.).

8.3 RESULTS

8.3.1 Wavelet Analysis

By the visual inspection of the wavelet spectrograms of all participants, it was possible to
observe different patterns of brain cortical activation for each demi-plié condition in regards to
the frequency bands alpha, low-beta, and high-beta and for the different EEG channels (Figure
2).

Period

| demi-plié prior |8 demi-plié prior || demi-plié prior to
demi-plié | to pirouette enfii to sauté sissone fermée de |

dehors cété

M aphas-13Hz M low-beta13-18Hz [ high-beta 18-30 Hz|

Figure 2: lllustration of a wavelet spectrogram for EEG channel F4 during the execution of the demi-plié in the five
experimental conditions. The vertical axis represents units of a period, and the horizontal axis represents time in
seconds (s). The meaning of colors indicates the amplitude of frequency components at that specific time and
frequency. Typically, different colors or shades represent different amplitudes. Darker colors represent higher
amplitudes, whereas lighter colors represent lower amplitudes. Selected data from a randomly chosen participant is

displayed. The order of movement performance was: 1) demi-plié prior to relevé; 2) simple demi-plié; 3) demi-plié
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prior to pirouette en dehors; 4) demi-plié prior to sauté, and; 5) demi-plié prior to sissone fermée de cété. The symbol
o represents a long period of interval for the selected participant between experimental conditions. Horizontal lines in

burgundy tones represent the frequency bands alpha (8-13 Hz), low-beta (13-18 Hz), and high-beta (18-30 Hz).

8.3.2 Comparisons amongst the experimental conditions with the simple
demi-plié

In the present study, the demi-plié prior to subsequent movements was analyzed and
compared to the execution of the simple demi-plié. Metrics such as integral, Q50, and IQR were
utilized in analyzing data from the selected frequency bands, along with their relative measures.
Significant differences (p<0.05) were found for the demi-plié prior to sissonne fermée de cété,
demi-plié prior to sauté, and demi-plié prior to pirouette en dehors, when those movements
were compared to the simple demi-plié.

In terms of lateralization, which refers to the dominance of one hemisphere of the brain
in specific functions, in the context of motor functions, we could expect to see lateralized activity
in the brain areas controlling the opposite side of the body that is engaged in a task. In our case,
the demi-plié is visually a symmetrical movement; however, according to the statistical analysis
(Tables 1, 2 and 3), significant differences were found for the EEG channels representing the

right hemisphere of the brain (F4, C2, and C4), therefore controlling the left side of the body.

8.3.2.1 Demi-plié prior to sissonne fermée de cété and demi-plié

The comparison between the performance of the demi-plié prior to sissonne fermée de
coté with the simple demi-plié showed significant differences in all channels regarding all the
frequency bands and their relatives, except for C1 that showed differences only in the frequency
bands relative measures (Table 1). The frequency bands relative measures showed differences
only in the integral metrics for all channels, except for F4, which also showed differences in the

IQR metric (Table 1). This pair of comparisons also showed significant differences in the
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inverted order, which means when the simple demi-plié showed higher power than the demi-plié
prior to sissonne fermée de cété. Those differences were observed in the Q50 metric, which
showed differences in the alpha frequency band for Cz and C4; in the low-beta for Cz, C2, C4,
Fz, and F4, and; the high-beta for F3, Fz, and F4. The IQR metric showed differences in the

alpha frequency band for C2, C4, and F4, and; in the low-beta for C3, C2, F3, and F4 (Table 1).

Table 1: Significant differences (p<0.05) with Bonferroni post-hoc comparisons of significant values for all the
frequency bands analyzed along with their relative differences (r-), and for the metrics: integral (orange); Q50
(median) (purple); and IQR (interquartile range) (blue) between pairs of demi-plié in preparation for sissonne
fermée de cé6té and simple demi-plié. The symbol (§) indicates when the demi-plié showed higher power than the

demi-plié prior to sissonne fermée de cété.

Channels |alpha low-beta |high-beta |r-alpha |[r-low-beta |r-high-beta

C3 0.030 § 0.001 0.000 0.000

C1 0.003 0.001 0.001

Cz 0.027 § |0.044 § 0.023 0.001 0.000

Cc2 0.030 § [0.045 § 0.000 0.000 0.000
0.019 §

C4 0.044 § 0.017 § 0.007 0.001 0.000

0.019 §

F3 0.012§ |0.008§ |[0.005 0.001 0.000

Fz 0.009§ [0.001§ |0.001 0.004 0.000

F4 0.046 [0.002§ [0.012§ |0.001 0.001 0.000
0.005 § 0.007

8.3.2.2 Demi-plié prior to sauté and demi-plié

The comparison between the performance of the demi-plié prior to sauté with the simple
demi-plié showed significant differences in all channels regarding all the frequency bands
relative measures to the integral metric (Table 2). The high-beta frequency band showed
differences in C1, C2, and Fz; low-beta showed differences in C2, and; alpha showed
differences in C2 and F4, all regarding the integral metric (Table 2). This pair of comparisons

also showed significant differences in the inverted order, which means when the simple
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demi-plié showed higher power than the demi-plié prior to sauté. This difference was observed

in the Q50 metric for channel Cz (Table 2).

Table 2: Significant differences (p<0.05) with Bonferroni post-hoc comparisons of significant values for all the
frequency bands analyzed along with their relative differences (r-), and for the metrics: integral (orange); Q50
(median) (purple); and IQR (interquartile range) (blue) between pairs of demi-plié in preparation for sauté and

simple demi-plié. The symbol (§) indicates when the demi-plié showed higher power than the demi-plié prior to sauté.

Channels |alpha low-beta |high-beta [r-alpha [r-low-beta |r-high-beta
C3 0.000 ]0.000 0.000
C1 0.044 0.000 |0.000 0.000
Cz 0.016 § 0.000 ]0.000 0.000
c2 0.044 0.017 0.003 0.000 ]0.000 0.003
C4 0.000 ]0.000 0.000
F3 0.000 |0.000 0.000
Fz 0.007 0.000 ]0.000 0.000
F4 0.007 0.000 ]0.000 0.000

8.3.2.3 Demi-plié prior to pirouette en dehors and demi-plié

The comparison between the performance of the demi-plié prior to pirouette en dehors
with the simple demi-plié showed significant differences in all channels regarding all the
frequency bands relative measures to the integral metric (Table 3). Differences were also found
in Fz regarding all frequency bands, and in F4 regarding high-beta (Table 3).

This pair of comparisons also showed significant difference in the inverted order, which
means when the simple demi-plié showed higher power than the demi-plié prior to pirouette en

dehors. This difference was observed in the Q50 metric for channel F4 (Table 3).

Table 3: Significant differences (p<0.05) with Bonferroni post-hoc comparisons of significant values for all the
frequency bands analyzed along with their relative differences (r-), and for the metrics: integral (orange); Q50
(median) (purple); and IQR (interquartile range) (blue) between pairs of demi-plié in preparation for pirouette en
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dehors and simple demi-plié. The symbol (§) indicates when the demi-plié showed higher power than the demi-plié

prior to pirouette en dehors.

Channels |alpha low-beta |high-beta |r-alpha |r-low-beta |r-high-beta
C3 0.011 0.019 0.011

C1 0.005

Cz 0.013 0.003 0.012

Cc2 0.002

C4 0.002 0.001 0.005

F3 0.016 0.017 0.012

Fz 0.047 |0.019 0.019 0.017 0.004 0.005

F4 0.030§ |[0.017 0.011 0.007

To better illustrate the significant differences found for the demi-pliés prior to sissonne
fermée de cété, sauté, and pirouette en dehors, when compared to the execution of the simple
demi-plié, Figure 3 displays a comprehensive diagram of the brain activity related to M1, PMC,
and SMA correspondent to the performance of those movements, as well as the frequency

bands and their relative measures that are active during such performances.
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Figure 3: Diagram of each EEG channel displaying each frequency band and their relative measures that showed
significant differences (p<0.05) for the demi-plié in preparation for sissonne fermée de cété, sauté, and pirouette en
dehors when compared to the execution of the simple demi-plié. “All frequency bands” represent significant
differences regarding alpha, low-beta, and high-beta, and “r-all” represents all relative measures of alpha, low-beta,
and high-beta frequency bands. The symbol (§) indicates when the demi-plié showed higher power than the demi-plié
prior to other movements. M1 - primary motor area, SMA - supplementary motor area, and PMC - premotor cortex

area.
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8.4 DISCUSSION

The aim of this study was to analyze the brain cortical activation during the performance
of the demi-plié movement of classical ballet in five different experimental conditions, which
were characterized by the demi-plié itself; demi-plié in preparation for relevé; demi-plié in
preparation for sauté; demi-plié in preparation for sissone fermée de cété, and; demi-plié in
preparation for pirouette en dehors. We hypothesized that different brain cortical activation
would be shown in the EEG analysis depending on the demi-plié end-goal, in regards to the
frequency bands alpha, low-beta, and high-beta. Indeed, our findings have shown distinct brain
cortical activity in the various EEG channels and for the different frequency bands analyzed,
which can lead to the interpretation that the brain cortical activity during the performance of the
demi-plié varies depending on its end-goal.

The statistical analysis showed that the demi-plié movement that precedes both jumps
(i.e., sauté and sissone fermée de cété) showed the highest differences (p<0.01) in all statistical
metrics, followed by the demi-plié that precedes the pirouette en dehors when compared to the
simple demi plié performance. The demi-plié prior to relevé did not show significant differences,
and a possible explanation is due to this movement being more similar to the simple demi-plié in
terms of duration, physical impact, and plyometric forces, in comparison to the performance of
the demi-plié that preceded both jumps and the pirouette en dehors.

The wavelet spectrograms displayed different patterns for the different experimental
conditions, showing that different cortical areas such as the M1, PMC, and SMA seem to be
more or less active depending on the demi-plié end-goal, and this dependency seems to be
related to the level of complexity of the ballet movement prepared by the demi-plié. For
instance, the alpha band is known to be indicative of a relaxed, yet alert state and is often
prominent when the individual is in a state of wakeful rest with their eyes closed. The

pronounced alpha rhythm showing higher powers in the metric integral for the demi-plié that
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precedes the sauté and the pirouette en dehors suggests that during this movement, the
participant was likely performing the task in a more relaxed state when compared to the other
demi-pliés. Enhanced alpha and low-beta activity may indicate active sensorimotor integration in
M1, where the brain is processing sensory information relevant to the movement, such as
position, speed, and force, and adjusting motor outputs accordingly. The presence of low-beta
rhythm across the various demi-pliés suggests a fluctuation in attention and cognitive demand
required for the performance of these movements, which is typical during tasks that involve
complex motor execution and coordination. Lastly, the higher power in the high-beta range for
the demi-plié that precedes both jumps and also the one that precedes the pirouette can be
interpreted as periods of increased neural processing and active engagement, potentially
reflecting the complex motor and cognitive integration needed for the precise execution of the
ballet sequences.

Our findings showed that M1, PMC and SMA were highly active in the demi-plié prior to
sissonne fermée de cbté, possibly because the sissonne fermée de cété is a jump-land ballet
movement with lateral body displacement, starting with a demi-plié for impulse to a vertical jump
and immediately displacement of the body laterally, as the ballet dancer simultaneously extends
both legs in the air as scissors, having the leading leg raised at approximately 22.5 degrees
away from the midline of the body, and the trailing leg rising by pushing off the ground [29]. It
makes sense that the demi-plié prior to sissonne fermée de cété showed the main significant
differences alongside the demi-plié prior to sauté. The leading leg plays a crucial role in initiating
the movement by plantarflexing the ankle and extending the knee. It also takes on the
responsibility of absorbing impact force upon landing. On the other hand, the trailing leg has the
task of stabilizing the body before the leading leg contacts the ground. Once the leading leg
touches the ground, the trailing leg swiftly moves closer to it. In regards to the PMC, the
demi-plié prior to sissonne fermée de cété possibly required both hemispheres to be active, as it

is a complex movement, requiring significant motor control, cognitive engagement, and
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potentially involving both hemispheres and midline structures, integrating motor execution with
higher-order cognitive processes.

The SMA activity was more expressive in the demi-plié prior to sauté, possibly due to the
symmetry nature of this movement, as the electrodes corresponding to SMA are Fz and Cz,
covering the midline of the brain. Even though C1 and C2 can also capture some activity in
SMA, possibly showing some lateralization, there were not significant findings for them. The
SMA is essential for the initiation and temporal organization of movements. This could involve
strategic planning, the anticipation of movement outcomes, or adjustments based on ongoing
feedback, with the importance of both motor and cognitive domains in executing complex or
precisely timed movements.

Lateralization plays an important role in our findings. According to the statistical analysis
(Tables 1, 2 and 3), there are more significant differences for the electrodes positioned in the
right hemisphere of the brain than to the ones positioned in the left side, which may suggest that
activity on the right hemisphere presents more differences amongst the movements performed
than the left hemisphere. A possible explanation for those findings lies in the fact that the
demi-plié is a symmetrical movement, where both legs supposedly behave in the same way.
Perhaps, the right hemisphere has to increase control of the left leg in order to decrease
differences in the non-dominant side during the demi-plié performance, since all of the
participants were right-side dominant. Additionally, right-side dominant ballet dancers often
prefer to perform the sissone fermée de cété displacing the body in space towards the left side,
so that the right leg can reach higher amplitudes. This movement requires that the left side of
the body commands its own orientation, increasing the demand for the right brain hemisphere to
plan and execute the task. In regards to the performance of a pirouette en dehors, right-side
dominant ballet dancers often prefer to perform the pirouette revolution clockwise, using the left
leg to provide balance and behave as a fluid pivot. Once again, the right brain hemisphere

would then be more active in order to command the left leg of the ballet dancer. Nonetheless,
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future research should address a left-side dominant sample of ballet dancers in order to
compare with the current findings.

Previous research from Golomer and colleagues (2010) [30] investigated unipedal
balance in skilled ballet dancers, suggesting that in dynamic equilibrium conditions, such as
performing a revolution in a pirouette, the unipedal upright posture could highlight the role of the
lateralized somatosensory and motor systems in central regulation due to the demand for visual
cue. This central dominance would result in a functional postural dominance that influences
hemispheric asymmetries in the sensorimotor control. Indeed, our findings showed high
activation in the right hemisphere during the performance of the demi-plié prior to pirouette en
dehors in comparison to the simple demi-plié.According to Ushiyama and colleagues (1985),
ballet dancers develop adaptation of the strategy used by the central nervous system to perform
a particular muscular contraction after years of specialized practice, suggesting that anticipatory
adjustments will occur depending on the subsequent motor action involved in the movement
planning. Our findings corroborate theirs, even though our sample size varied in expertise levels
of the ballet dancers. Nonetheless, our findings suggest that the demi-plié movement execution
may present differences at the cortical control depending on its end-goal, despite the expertise
level.

The implications of our study could significantly impact the optimization of training and
rehabilitation methods in ballet. Ballet instructors, specifically, might find these insights
extremely valuable for improving the efficiency of training sessions and rehearsals. By
integrating our findings, they can better manage muscle fatigue and reduce the risk of injuries.
This proactive training approach has the potential to revolutionize traditional ballet teaching
methods, fostering a more sustainable practice that emphasizes the health and longevity of
dancers.

To the best of our knowledge, this is the first study analyzing brain cortical activity during

the performance of a ballet movement. Despite some limitations such as the small number of
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EEG channels, as well as the diverse sample size of different levels of expertise and the
imbalance of sexes, it was possible to confirm our hypothesis that the demi-plié movement of
classical ballet presents different patterns of brain cortical activation in the M1, PMC, and SMA,
depending on its end-goal. The present study contributes to a baseline of knowledge that is
being created in order to understand the fascinating beauty and aesthetics seen in classical

ballet, a field of highly performing individuals.

8.5 CONCLUSIONS

Regarding the analysis of the sensorimotor cortex activity in the frequency bands alpha,
low-beta, and high-beta, the demi-plié movement of classical ballet presents different brain

cortical activation patterns depending on its end-goal.

REFERENCES

1. Coker, E., T. L. Mclsaac, and D. Nilsen. 2015. "Motor Imagery Modality in Expert Dancers: An Investigation of Hip and Pelvis
Kinematics  in Demi-Pli¢  and Sauté." Journal of Dance Medicine &  Science 19 (2): 63-69.

https://doi.org/10.12678/1089-313X.19.2.63.

2. Imura, A., and Y. lino. 2017. "Comparison of Lower Limb Kinetics During Vertical Jumps in Turnout and Neutral Foot Positions by

Classical Ballet Dancers." Sports Biomechanics 16 (1): 87-101. https://doi.org/10.1080/14763141.2016.1205122.

3. Kim, M. J., and J. H. Kim. 2016. "Comparison of Lower Limb Muscle Activation with Ballet Movements (Relevé and Demi-Pli¢)
and General Movements (Heel Rise and Squat) in Healthy Adults." Journal of Physical Therapy Science 28 (1): 223-226.

https://doi.org/10.1589/jpts.28.223.

4. Ushiyama, J., Y. Takahashi, and J. Ushiba. 2010. "Muscle Dependency of Corticomuscular Coherence in Upper and Lower Limb
Muscles and Training-Related Alterations in Ballet Dancers and Weightlifters." Journal of Applied Physiology 109 (4): 1086-1095.

https://doi.org/10.1152/japplphysiol.00869.2009.

5. Peng, X., J. Liu, Y. Huang, M. Yanhao, L. Dong. 2023. "Classification of Lower Limb Motor Imagery Based on lIterative EEG
Source Localization and Feature Fusion." Neural ~ Computing  and  Applications  35: 13711-13724.

https://doi.org/10.1007/s00521-021-06761-6.

155



6. Buchholz, V., O. Jensen, and W. Medendorp. 2014. "Different Roles of Alpha and Beta Band Oscillations in Anticipatory

Sensorimotor Gating." Frontiers in Human Neuroscience 8: 446. https://doi.org/10.3389/fnhum.2014.00446.

7. Jensen, O., and A. Mazaheri. 2010. "Shaping Functional Architecture by Oscillatory Alpha Activity: Gating by Inhibition." Frontiers

in Human Neuroscience 4: 186. https://doi.org/10.3389/fnhum.2010.00186.

8. van Ede, F., M. K&ster, and E. Maris. 2012. "Beyond Establishing Involvement: Quantifying the Contribution of Anticipatory a- and
B-Band Suppression to Perceptual Improvement with Attention." Journal of Neurophysiology 108 (9): 2352-2362.

https://doi.org/10.1152/jn.00347.2012.

9. Anderson, K. L., and M. Ding. 2011. "Attentional Modulation of the Somatosensory Mu Rhythm." Neuroscience 180: 165-180.

https://doi.org/10.1016/j.neuroscience.2011.02.004.

10. Eickhoff, S. B., C. Grefkes, G. R. Fink, and K. Zilles. 2008. "Functional Lateralization of Face, Hand, and Trunk Representation

in Anatomically Defined Human Somatosensory Areas." Cerebral Cortex 18 (12): 2820-2830. https://doi.org/10.1093/cercor/bhn039.

11. Gilbertson, T., L. Lalo, L. Doyle, V. Di Lazzaro, B. Cioni, and P. Brown. 2005. "Existing Motor State Is Favored at the Expense of
New Movement During 13-35 Hz Oscillatory Synchrony in the Human Corticospinal System." Journal of Neuroscience 25 (34):

7771-7779. https://doi.org/10.1523/JNEUROSCI.1762-05.2005.

12. Debaere, F., S. P. Swinnen, E. Béatse, S. Sunaert, P. Van Hecke, and J. Duysens. 2001. "Brain Areas Involved in Interlimb

Coordination: A Distributed Network." Neuroimage 14 (5): 947-958. https://doi.org/10.1006/nimg.2001.0892.

13. Bhattacharjee, S., R. Kashyap, T. Abualait, S. H. Annabel Chen, W. K. Yoo, and S. Bashir. 2021. "The Role of Primary Motor
Cortex: More Than Movement Execution." Journal of Motor Behavior 53 (2): 258-274.

https://doi.org/10.1080/00222895.2020.1738992.

14. Lefaucheur, J. P., J. P. Nguyen, A. Delmas, S. Croci, L. Bredoux, and H. Hodaj. 2023. "Targeting Lower Limb, Upper Limb, and
Face Representation in the Primary Motor Cortex for the Practice of Neuronavigated Transcranial Magnetic Stimulation."

Neuromodulation. https://doi.org/10.1016/j.neurom.2023.04.470.

15. Deiber, M. P., R. E. Passingham, J. G. Colebatch, K. J. Friston, P. D. Nixon, and R. S. Frackowiak. 1991. "Cortical Areas and the
Selection of Movement: A Study with Positron Emission Tomography." Experimental Brain Research 84 (2): 393-402.

https://doi.org/10.1007/BF00231461.

16. Deiber, M. P., V. Ibafiez, N. Sadato, and M. Hallett. 1996. "Cerebral Structures Participating in Motor Preparation in Humans: A

Positron Emission Tomography Study." Journal of Neurophysiology 75 (1): 233-247. https://doi.org/10.1152/jn.1996.75.1.233.

156



17. Koessler, L., L. Maillard, A. Benhadid, J. P. Vignal, J. Felblinger, H. Vespignani, and M. Braun. 2009. "Automated Cortical
Projection of EEG Sensors: Anatomical Correlation via the International 10-10 System." Neuroimage 46 (1): 64-72.

https://doi.org/10.1016/j.neuroimage.2009.02.006.

18. Scrivener, C. L., and A. T. Reader. 2022. "Variability of EEG Electrode Positions and Their Underlying Brain Regions: Visualizing

Gel Artifacts from a Simultaneous EEG-fMRI Dataset." Brain and Behavior 12 (2): e2476. https://doi.org/10.1002/brb3.2476.

19. Heed, T., and B. Rdder. 2010. "Common Anatomical and External Coding for Hands and Feet in Tactile Attention: Evidence from

Event-Related Potentials." Journal of Cognitive Neuroscience 22 (1): 184-202. https://doi.org/10.1162/jocn.2008.21168.

20. Cui, S., L. Duan, B. Gong, Y. Qiao, F. Xu, J. Chen, and C. Wang. 2019. "EEG Source Localization Using Spatio-Temporal Neural

Network." China Communications 16 (7): 131-143. https://doi.org/10.23919/JCC.2019.07.011.

21. Daud, S. N. S. S,, and R. Sudirman. 2022. "Wavelet Based Filters for Artifact Elimination in Electroencephalography Signal: A

Review." Annals of Biomedical Engineering 50 (10): 1271-1291. https://doi.org/10.1007/s10439-022-03053-5.

22. Amin, H. U,, A. S. Malik, R. F. Ahmad, N. Badruddin, N. Kamel, M. Hussain, and W. T. Chooi. 2015. "Feature Extraction and
Classification for EEG Signals Using Wavelet Transform and Machine Learning Techniques." Australasian Physical & Engineering

Sciences in Medicine 38 (1): 139-149. https://doi.org/10.1007/s13246-015-0333-x.

23. Li, G., S. Huang, W. Xu, W. Jiao, Y. Jiang, Z. Gao, and J. Zhang. 2020. "The Impact of Mental Fatigue on Brain Activity: A
Comparative Study Both in Resting State and Task State Using EEG." BMC Neuroscience 21 (1): 20.

https://doi.org/10.1186/s12868-020-00569-1.

24. Xie, S., and S. Krishnan. 2019. "Feature Extraction of Epileptic EEG Using Wavelet Power Spectra and Functional PCA." Annual
International  Conference of the |IEEE Engineering in Medicine and Biology Society. 2019: 2551-2554.

https://doi.org/10.1109/EMBC.2019.8856308.

25. Richard, S., G. Gabriel, S. John, M. Emmanuel, and V. John-Mary. 2022. "The Focused Quantitative EEG Bio-marker in

Studying Childhood Atrophic Encephalopathy." Scientific Reports 12 (1): 13437. https://doi.org/10.1038/s41598-022-17062-w.

26. Rodionov, A., R. A. Ozdemir, C. S. Y. Benwell, P. J. Fried, P. Boucher, D. Momi, J. M. Ross, E. Santarnecchi, A. Pascual-Leone,
and M. M. Shafi. 2023. "Reliability of Resting-State EEG Modulation by Continuous and Intermittent Theta Burst Stimulation of the

Primary Motor Cortex: A Sham-Controlled Study." Scientific Reports 13 (1): 18898. https://doi.org/10.1038/s41598-023-45512-6.

27. Gavaret, M., A. Iftimovici, E. Pruvost-Robieux. 2023. "EEG: Current Relevance and Promising Quantitative Analyses." Revue

Neurologique 179 (4): 352-360. https://doi.org/10.1016/j.neurol.2022.12.008.

157



28. Coull, J., and A. Nobre. 2008. "Dissociating Explicit Timing from Temporal Expectation with fMRIL" Current Opinion in

Neurobiology 18 (2): 137-144. https://doi.org/10.1016/j.conb.2008.07.011.

29. Lee, H. H., C. W. Lin, H. W. Wu, T. C. Wu, and C. F. Lin. 2012. "Changes in Biomechanics and Muscle Activation in Injured Ballet
Dancers During a Jump-Land Task with Turnout (Sissonne Fermée)." Journal of Sports Sciences 30 (7): 689-697.

https://doi.org/10.1080/02640414.2012.663097.

30. Golomer, E., F. Mbongo, Y. Toussaint, M. Cadiou, and I. Israél. 2010. "Right Hemisphere in Visual Regulation of Complex

Equilibrium: The Female Ballet Dancers' Experience." Neurological Research 32 (4): 409-415. DOI: 10.1179/174313209X382476.

158



CHAPTER 9:

General Discussion & Conclusions
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9.1 GENERAL DISCUSSION

The aim of the present dissertation was to analyze the performance of the demi-plié in its
different roles in classical ballet. Four studies have been conducted in order to prove our
hypothesis that the same apparent demi-plié performed by a classical dancer, but with different
end-goals, will differ at the coordination level, muscular activation pattern, and brain cortical
activation.

Our findings have shown that, indeed, regarding the demi-plié performance with different
end goals, the demi-plié that precedes any subsequent technique presents dissimilarities in its
trajectory in the terms of the vertical movement of the pelvic complex; different coordination
patterns in terms of the knees joint angles and their angular velocity; distinct muscular activation
patterns, and; different brain cortical activation.

The concept of global internal models for motor control is a theoretical construct in
neuroscience and psychology that describes how the brain predicts and controls body
movements (Kawato, 1999). In other words, global internal models are complex neural
processes that enable the brain to predict, simulate, and adjust motor actions, ensuring effective
interaction with the physical world. These models are fundamental in understanding how we
learn and execute movements, ranging from simple tasks like reaching for an object to complex
activities like playing a musical instrument, engaging in sports, or in our case, performing a
ballet movement. According to Flanagan et al. 1999, global internal models adapt to different
sensorimotor contexts, as the CNS must learn the properties of tools and environments
whenever they are altered. It seems that if the CNS knows how to command the execution of a
demi-plié, when its end-goal changes, the process of execution may be facilitated by combining
multiple ways to perform it in anticipation of the next motor action. Even though each
experimental condition has shown its unique coordination pattern, there were similarities

amongst those patterns, possibly related to the level of complexity of the subsequent ballet
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movement. For instance, the simple demi-plié is an isolated movement that has its starting and
ending position within the lower limb, pelvis and trunk. However, when it is coupled to
subsequent ballet movements, the ascending phase is often accelerated to fuse into the next
motor action. The level of complexity of the subsequent movement will interfere in the
anticipatory adjustments required during the demi-plié performance.

Our findings are consistent in showing differences amongst the types of the demi-plié
when it is in preparation for jumps (i.e., sauté and sissone fermée de cété) and in preparation
for turns (i.e., pirouette en dehors). However, there were similarities in the coordination patterns
amongst the jumps, as well as between the simple demi-plié and the one in preparation for a
relevé. The similarities amongst these groups of motor actions is probably due to the similar
level of complexity. Presumably, the CNS creates similar strategies to perform jumps, taking into
consideration the forces applied to take off the ground, controlling directions of the jump, and
working on perceptual and motor adjustments for absorbing impact upon landing. Those
similarities amongst some groups of motor actions also create the distinctions noticed in our
experiments, since one of the jumps was vertical (sauté), and the other was a lateral body
displacement (sissone fermée de céte). Likewise, the relevé is a movement that demands heel
rise and does not present impact during its execution or finishing. Not surprisingly, the demi-plié
prior to relevé presented similarities in its coordination patterns with the simple demi-plié.

The demi-plié prior to pirouette en dehors has shown its unique coordination pattern in
the kinematic analysis, and it showed to be one of the most complex movements in terms of
brain organization as well, alongside with the demi-plié prior to both jumps when pairs of
movements were compared to the simple demi-plié. Perhaps the experiment with the pirouette
en dehors should be redone with the demi-plié in the fourth position of feet in classical ballet,
typically used to prepare for the revolutions. In our experimental design, we standardized the

first position of feet for all experimental conditions.
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Findings from the EEG analysis also showed distinct patterns in brain activity for the
demi-plié that precedes sauté, sissone fermée de cbété, and pirouette en dehors in comparison
to the simple demi-plié, with varying levels of alpha, low-beta, and high-beta waves. This is
indicative of different states of relaxation, attention, and cognitive demand. The wavelet
spectrograms displayed different patterns for the different experimental conditions, showing that
different cortical areas such as the M1, PMC, and SMA seem to be more or less active
depending on the demi-plié end-goal, and this dependency seems to be related to the level of
complexity of the ballet movement prepared by the demi-plié. The study also revealed a
lateralization effect, with the right hemisphere of the brain showing more activity. One potential
reason for these observations could be attributed to the symmetrical nature of the demi-plié,
which typically involves both legs moving in a coordinated manner. Perhaps, the right
hemisphere has to increase control of the left leg in order to decrease differences in the
non-dominant side during the demi-plié performance, since most of the participants were
right-side dominant. Furthermore, ballet dancers who predominantly use their right side tend to
favor executing the sissone fermée de cété in a manner that involves shifting the body to the
left, allowing the right leg to achieve greater extension. This action necessitates the left side of
the body to direct the body's positioning, potentially requiring increased involvement from the
right hemisphere of the brain for planning, execution, and oversight. Similarly, when performing
a pirouette en dehors, right-dominant ballet dancers usually opt for a clockwise rotation, relying
on the left leg for stability and smooth turning. This again suggests a heightened role for the
right hemisphere in managing the left leg movement. Future studies should consider including
dancers who are left side dominant to provide a comparative analysis with the current findings.

Despite our primary interest in understanding the coordination patterns involved in the
demi-plié movement and its role in the preparation for more complex subsequent motor actions,
our research took into consideration the lack of literature about using some types of sensing

technology to acquire data. For instance, our systematic review has shown that two or more
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sensing technologies increase data reliability, as well as to this date, no one had studied the
brain activity aspects of a ballet movement during its performance. As a result, we designed our
methodology for data capturing, choosing a robust scenario where different technologies could
work in synchronicity, combining motion capture, EMG, and EEG. Unfortunately, limitations
occurred, and we did not have access to an EEG device with more channels, being limited to
the analysis of the sensorimotor cortex only. However, the pioneer work using the EEG
technology during a ballet motor action, as well as novel approaches in data analysis, such as
the DTW and ED to measure the hip vertical trajectory of the demi-plié, definitely increased the
baseline of knowledge in ballet research, paving the pathway for future studies.

The demi-plié movement is one of the first movements that a ballet dancer learns, and it
is also present in every ballet class, in the barre routine; right in the beginning of the class, as
well as in the center; as the first exercise to do after finishing the barre routine. The implications
of our findings go beyond the scientific understanding of motor performance and behavior,
providing ballet teachers and maestros with solid evidence that if the demi-plié behaves in
distinct ways depending on its end-goal, perhaps, routines of the demi-plié should be
implemented taking into consideration the next motor action it precedes. In this way, it might be
possible to control the number of repetitions, creativity in designing ballet routines, and order of
rehearsals to avoid physical overload and possibly prevent injuries. There is a vast literature in
the ballet field, including systematic reviews, pointing to the risk factors for musculoskeletal
disorders and lower limb injuries that can be prevented through modified training in order to

make it safer (Benoit-Piau et al. 2022, 2023; Kenny et al. 2016; L Biernacki et al. 2021).
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9.2 CONCLUSIONS

The demi-plié movement of classical ballet presents different coordination patterns in
terms of interlimb coordination, hip vertical movement trajectory, muscular activation patterns,
and brain cortical activation depending on its end-goal.

Those differences manifest depending on the complexity of the subsequent motor action.
Complex ballet movements such as jumps (i.e., sauté and sissone fermée de cété) and turns
(i.e., pirouette en dehors) seem to present distinct coordination patterns of the demi-plié that
precedes these movements, when compared to the performance of the simple demi-plié. Also,
the relevé, with lower levels of complexity, indeed showed distinct coordination patterns when
compared to both sauté and sissone fermée de cété, as well as to the pirouette en dehors.
Muscular activation has shown distinct patterns for each demi-plié as well, suggesting that
muscle recruitment works in anticipation of the next motor action. Brain cortical activity also
showed differences related to the level of complexity of the subsequent ballet. We have
confirmed our hypotheses that the demi-plié movement would present distinct coordination

patterns and brain cortical activations depending on its role in classical ballet.
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APPENDIX A

CONSENTIMENTO INFORMADO LIVRE E ESCLARECIDO PARA INVESTIGAGCAO
CIENTIFICA COM SERES HUMANOS

Titulo do projeto: Coordination patterns and brain activation during the demi-plié movement in

its different roles in classical ballet

Pessoa responsavel pelo projeto: Virginia Helena Quadrado

Instituicdo de acolhimento: Faculdade de Motricidade Humana - Universidade de Lisboa

Este documento, designado Consentimento, Informado, Livre e Esclarecido, contém
informagéo importante em relagdo ao estudo para o qual foi abordado/a, bem como o que
esperar se decidir participar no mesmo. Leia atentamente toda a informacéo aqui contida. Deve
sentir-se inteiramente livre para colocar qualquer questdo, assim como para discutir com

terceiros (amigos, familiares) a decisao da sua participagcéo neste estudo.

Informacgao geral

A vossa participagdo nesta pesquisa inclui a execu¢dao do movimento plié em 5 (cinco)

condi¢cdes experimentais, sendo:

1) Execuc¢ao do movimento demi-plié
2) Execucao do movimento demi-plié como preparacao para relevé (elevagao dos calcanhares)
3) Execugao do movimento demi-plié como preparagao para sauté (salto vertical)

4) Execucdo do movimento demi-plié como preparagao para pirouette en dehors (volta no
sentido horario realizado em uma perna)

5) Execugdo do movimento demi-plié como preparagdo para sissonne fermée (salto com
deslocamento lateral)

Qual a duragao esperada da minha participagao?
A duracéo do experimento sera de aproximadamente 60 minutos.
Quais os procedimentos do estudo em que vou participar?

Cada condigao experimental sera repetida 5 vezes para que os investigadores possam registar

0 movimento.
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Cada participante tera de vestir um fato com marcadores refletores e eletrodos para medir
atividade muscular que serdo acoplados em ambas as pernas. Cada participante usara uma

coroa de eletrodos na cabecga para medicéo de atividade cerebral.
A minha participagao é voluntaria?

A sua participacdo é voluntaria e pode recusar-se a participar. Caso decida participar neste
estudo é importante ter conhecimento que pode desistir a qualquer momento, sem qualquer
tipo de consequéncia para si. No caso de decidir abandonar o estudo, a sua relacdo com a
Faculdade de Motricidade Humana (FMH) ndo sera afetada. Se for o caso, o seu estatuto
enquanto estudante ou funcionario da FMH serad mantido e ndo sofrera nenhuma consequéncia

da sua nao-participacao ou desisténcia.
Quais os possiveis beneficios da minha participagao?

Os dados recolhidos por meio de sua participagéo serdo analisados juntamente com os dados
dos demais participantes, com a finalidade de compreendermos os padroes de coordenacao e
atividades musculares envolvidas nos diferentes tipos de demi-plié no ballet classico. Além
disso, por meio da analise de eletroencefalografia, poderemos mapear as areas cerebrais
envolvidas no processo de execucao do movimento demi-plié. Esta € uma pesquisa pioneira na
area da danga e controle motor, dando-nos respaldo para contribuir cientificamente por meio de

publicacao dos resultados
Quais os possiveis riscos da minha participagao?

Possiveis riscos envolvidos sdo quedas no momento da pirueta e estiramento muscular no
momento do salto. Cada participante tera 10 minutos de familiarizacdo com a tarefa e

aquecimento muscular para minimizacao dos riscos envolvidos.
Quem assume a responsabilidade, no caso de um evento negativo?
Investigador principal: Virginia Helena Quadrado
Ha cobertura por uma companhia de seguros?
Nao ha cobertura por companhia de seguros.
Quem deve ser contactado em caso de urgéncia?

Investigador principal: Virginia Helena Quadrado (virginiahelena@gmail.com)
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Como é assegurada a confidencialidade dos dados?

Todos os dados recolhidos serdo armazenados e codificados de forma a que seja mantida a

confidencialidade dos dados.
O que acontecera aos dados quando a investigagao terminar?

Todos os dados recolhidos serdo armazenados no ficheiro pertinente a investigacdo para

possivel comparagao futura entre movimentos de ballet classico.
Como irao os resultados do estudo ser divulgados e com que finalidades?

Os resultados serao divulgados por meio de artigos cientificos e publicagbes em conferéncias

pertinentes a area de controle motor e danga.
Em caso de duvidas, quem devo contactar?

Para qualquer questao relacionada com a sua participagao neste estudo, por favor, contactar o

investigador principal através do e-mail: virginiahelena@gmail.com
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Assinatura do Consentimento Informado, Livre e Esclarecido

Li (ou alguém leu para mim) o presente documento e estou consciente do que esperar quanto a minha
participacdo no estudo Coordination patterns and brain activation during the demi-plié movement in its
different roles in classical ballet. Tive a oportunidade de colocar todas as questdes e as respostas
esclareceram todas as minhas duvidas. Assim, aceito voluntariamente participar neste estudo. Foi-me
dada uma copia deste documento.

Nome do participante Assinatura do participante

Data

Nome do representante legal do
participante
(se aplicavel)

Grau de relagao com o participant

Investigador/Equipa de Investigagao

Os aspetos mais importantes deste estudo foram explicados ao participante ou ao seu representante,
antes de solicitar a sua assinatura. Uma cépia deste documento ser-lhe-a fornecida.

Nome da pessoa que obtém o consentimento Assinatura da pessoa que obtém o
consentimento

Data
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APPENDIX B

Link of the questionnaire that all participants answered in order to collect
information about demographics, experience in classical ballet, dominance limb, and

presence or absence of injury.

Access the questionnaire here.
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https://docs.google.com/forms/d/1MCh8Un-ORvW3KNzfjBdacAsBzMKNJqecgXfObMQQSH8/edit#response=ACYDBNi9Z024vgK2RuBMJzM5l_Y4SyvVzXQmmKlHPVdcT6nkMzN35j6-fMi-WelK4OMoPlE

REFERENCES

Abraham A, Dunsky A, Dickstein R. Motor Imagery Practice for Enhancing Elevé Performance Among Professional Dancers: A Pilot
Study. Med Probl Perform Art. 2016 Sep;31(3):132-9. doi: 10.21091/mppa.2016.3025. PMID: 27575288.

Abraham A, Gose R, Schindler R, Nelson BH, Hackney ME. Dynamic Neuro-Cognitive Imagery (DNI™) Improves Developpé
Performance, Kinematics, and Mental Imagery Ability in University-Level Dance Students. Front Psychol. 2019 Mar
1;10:382. doi: 10.3389/fpsyg.2019.00382. PMID: 30881328; PMCID: PMC6407436.

Angelopoulou K, Vlachakis D, Darviri C, Chrousos GP, Kanaka-Gantenbein C, Bacopoulou F. Brain Activity of Professional Dancers
During Audiovisual Stimuli Exposure: A Systematic Review. Adv Exp Med Biol. 2023;1425:457-467. doi:
10.1007/978-3-031-31986-0_44. PMID: 37581819.

Bannerman H. Is dance a language? Movement, meaning and communication. Dance Res. 2014;32(1):65-80. doi:
10.3366/drs.2014.0087.

Basmajian JV, Harden TP, Regenos EM. Integrated actions of the four heads of quadriceps femoris: an electromyographic study.
Anat Rec. 1972 Jan;172(1):15-20. doi: 10.1002/ar.1091720102. PMID: 5007367.

Batista D, Placido da Silva H, Fred A, Moreira C, Reis M, Ferreira HA. Benchmarking of the BlTalino biomedical toolkit against an
established gold standard. Healthc Technol Lett. 2019 Mar 21;6(2):32-36. doi: 10.1049/htl.2018.5037. PMID: 31119036;
PMCID: PMC6498399.

Benoit-Piau J, Morin M, Guptill C, Fortin S, Gaudreault N. Movement Competency Screen: Rethinking the Rating. Int J Sports Phys
Ther. 2022 Dec 1;17(7):1282-1289. PMID: 36518829; PMCID: PMC9718700.

Benoit-Piau J, Benoit-Piau C, Gaudreault N, Morin M. Effect of Conservative Interventions for Musculoskeletal Disorders in
Preprofessional and Professional Dancers: A Systematic Review. Int J Sports Phys Ther. 2023 Apr 1;18(2):328-337. doi:
10.26603/001¢.73793. PMID: 37020446; PMCID: PMC10069337.

Bernstein NA. (1967). The co-ordination and regulation of movements. Oxford: Pergamon Press.

Calvo-Merino B, Glaser DE, Grézes J, Passingham RE, Haggard P. Action observation and acquired motor skills: an FMRI study
with expert dancers. Cereb Cortex. 2005 Aug;15(8):1243-9. doi: 10.1093/cercor/bhi007. Epub 2004 Dec 22. PMID:
15616133.

Cappozzo A, Catani F, Croce UD, Leardini A. Position and orientation in space of bones during movement: anatomical frame
definition and determination. Clin Biomech (Bristol, Avon). 1995 Jun;10(4):171-178. doi: 10.1016/0268-0033(95)91394-t.
PMID: 11415549.

Chang M, Halaki M, Adams R, Cobley S, Lee KY, O'Dwyer N. An Exploration of the Perception of Dance and Its Relation to
Biomechanical Motion: A Systematic Review and Narrative Synthesis. J Dance Med Sci. 2016;20(3):127-36. doi:
10.12678/1089-313X.20.3.127. PMID: 27661625.

Clark DJ, Ting LH, Zajac FE, Neptune RR, Kautz SA. Merging of healthy motor modules predicts reduced locomotor performance
and muscle coordination complexity post-stroke. J Neurophysiol. 2010 Feb;103(2):844-57. doi: 10.1152/jn.00825.2009.
Epub 2009 Dec 9. PMID: 20007501; PMCID: PMC2822696.

170



Coker E, Mclsaac TL, Nilsen D. Motor imagery modality in expert dancers: an investigation of hip and pelvis kinematics in demi-plié
and sauté. J Dance Med Sci. 2015 Jun;19(2):63-9. doi: 10.12678/1089-313X.19.2.63. PMID: 26045397.

Couillandre A, Lewton-Brain P, Portero P. Exploring the effects of kinesiological awareness and mental imagery on movement
intention in the performance of demi-plié. J Dance Med Sci. 2008;12(3):91-8. PMID: 19618584.

Cui S, Duan L, Gong B, Qiao Y, Xu F, Chen J, Wang C. EEG source localization using spatio-temporal neural network. China
Commun 2019 Jul;16(7):131-43. doi: 10.23919/JCC.2019.07.011.

Debaere F, Swinnen SP, Béatse E, Sunaert S, Van Hecke P, Duysens J. Brain areas involved in interlimb coordination: a distributed
network. Neuroimage. 2001 Nov;14(5):947-58. doi: 10.1006/nimg.2001.0892. PMID: 11697927.

Di Nota PM, Chartrand JM, Levkov GR, Montefusco-Siegmund R, DeSouza JFX. Experience-dependent modulation of alpha and
beta during action observation and motor imagery. BMC Neurosci. 2017 Mar 6;18(1):28. doi: 10.1186/s12868-017-0349-0.
PMID: 28264664; PMCID: PMC5340035.

Fang Y, Daly JJ, Hansley J, Yao WX, Yang Q, Sun J, Hvorat K, Pundik S, Yue GH. Hemispheric activation during planning and
execution phases in reaching post stroke: a consort study. Medicine (Baltimore). 2015 Jan;94(3):e307. doi:
10.1097/MD.0000000000000307. PMID: 25621675; PMCID: PMC4602639.

Flanagan JR, Nakano E, Imamizu H, Osu R, Yoshioka T, Kawato M. Composition and decomposition of internal models in motor
learning under altered kinematic and dynamic environments. J Neurosci. 1999 Oct 15;19(20):RC34. doi:
10.1523/JNEUROSCI.19-20-j0005.1999. PMID: 10516336; PMCID: PMC6782771.

Frere J, Hug F. Between-subject variability of muscle synergies during a complex motor skill. Front Comput Neurosci. 2012 Dec
28;6:99. doi: 10.3389/fncom.2012.00099. PMID: 23293599; PMCID: PMC3531715.

Fong Yan A, Hiller C, Smith R, Vanwanseele B. Effect of footwear on dancers: a systematic review. J Dance Med Sci.
2011 Jun;15(2):86-92. PMID: 21703097.

Foster R. (2010). Ballet pedagogy: The art of teaching. In Ballet Pedagogy: The Art of Teaching. University Press of Florida.

Gilbertson T, Lalo E, Doyle L, Di Lazzaro V, Cioni B, Brown P. Existing motor state is favored at the expense of new movement
during 13-35 Hz oscillatory synchrony in the human corticospinal system. J Neurosci. 2005 Aug 24;25(34):7771-9. doi:
10.1523/JNEUROSCI.1762-05.2005. PMID: 16120778; PMCID: PMC6725263.

Golomer E, Bouillette A, Mertz C, Keller J. Effects of mental imagery styles on shoulder and hip rotations during preparation of
pirouettes. J Mot Behav. 2008 Jul;40(4):281-90. doi: 10.3200/JMBR.40.4.281-290. PMID: 18628105.

Golomer EM, Gravenhorst RM, Toussaint Y. Influence of vision and motor imagery styles on equilibrium control during whole-body
rotations. Somatosens Mot Res. 2009 Dec;26(4):105-10. doi: 10.3109/08990220903384968. PMID: 20047511.

Gontijo KN, Candotti CT, Feijé Gdos S, Ribeiro LP, Loss JF. Kinematic evaluation of the classical ballet step "plié". J Dance Med Sci.
2015 Jun;19(2):70-6. doi: 10.12678/1089-313X.19.2.70. PMID: 26045398.

Gonzalez-Rosa JJ, Natali F, Tettamanti A, Cursi M, Velikova S, Comi G, Gatti R, Leocani L. Action observation and motor imagery in
performance of complex movements: evidence from EEG and kinematics analysis. Behav Brain Res. 2015 Mar
15;281:290-300. doi: 10.1016/j.bbr.2014.12.016. Epub 2014 Dec 19. PMID: 25532912.

171



Gorwa J, Kabacinski J, Murawa M, Fryzowicz A. On the track of the ideal turnout: Electromyographic and kinematic analysis of the
five classical ballet positions. PLoS One. 2020 Mar 25;15(3):e0230654. doi: 10.1371/journal.pone.0230654. PMID:
32210478; PMCID: PMC7094876.

Grant G. (2014). Technical Manual and Dictionary of Classical Ballet. BN Publishing.

Grosse P, Cassidy MJ, Brown P. EEG-EMG, MEG-EMG and EMG-EMG frequency analysis: physiological principles and clinical
applications. Clin Neurophysiol. 2002 Oct;113(10):1523-31. doi: 10.1016/s1388-2457(02)00223-7. PMID: 12350427

Heed T, Roder B. Common anatomical and external coding for hands and feet in tactile attention: evidence from event-related
potentials. J Cogn Neurosci. 2010 Jan;22(1):184-202. doi: 10.1162/jocn.2008.21168. PMID: 19199399.

Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G. Development of recommendations for SEMG sensors and sensor placement
procedures. J Electromyogr Kinesiol. 2000 Oct;10(5):361-74. doi: 10.1016/s1050-6411(00)00027-4. PMID: 11018445.

Hug F. Can muscle coordination be precisely studied by surface electromyography? J Electromyogr Kinesiol. 2011 Feb;21(1):1-12.
doi: 10.1016/j.jelekin.2010.08.009. Epub 2010 Sep 24. PMID: 20869882.

Imura A, lino Y. Comparison of lower limb kinetics during vertical jumps in turnout and neutral foot positions by classical ballet
dancers. Sports Biomech. 2017 Mar;16(1):87-101. doi: 10.1080/14763141.2016.1205122. Epub 2016 Jul 14. PMID:
27418231.

Imura A, lino Y. Regulation of hip joint kinetics for increasing angular momentum during the initiation of a pirouette en dehors in
classical ballet. Hum Mov Sci. 2018 Aug;60:18-31. doi: 10.1016/j.humov.2018.04.015. Epub 2018 May 13. PMID:
29772411.

Janura M, Prochazkova M, Svoboda Z, Bizovska L, Jandova S, Kone¢ny P. Standing balance of professional ballet dancers and
non-dancers under different conditions. PLoS One. 2019 Oct 22;14(10):e0224145. doi: 10.1371/journal.pone.0224145.
PMID: 31639174; PMCID: PMC6804995.

Kant M. (2007). The Cambridge companion to ballet . Cambridge: Cambridge University Press.

Kawato M. Internal models for motor control and trajectory planning. Curr Opin Neurobiol. 1999 Dec;9(6):718-27. doi:
10.1016/s0959-4388(99)00028-8. PMID: 10607637.

Kelso S. (1995). Dynamic patterns: the self-organization of brain and behavior. MIT Press.

Kelso JA, Fuchs A. (2018). Coordination Dynamics and Synergetics: From Finger Movements to Brain Patterns and Ballet Dancing.

In: Complexity and Synergetics. Publisher: Springer International Publishing AG.

Kenny SJ, Whittaker JL, Emery CA. Risk factors for musculoskeletal injury in preprofessional dancers: a systematic review. Br J
Sports Med. 2016 Aug;50(16):997-1003. doi: 10.1136/bjsports-2015-095121. Epub 2015 Nov 30. PMID: 26626269.

Kiefer AW, Riley MA, Shockley K, Sitton CA, Hewett TE, Cummins-Sebree S, Haas JG. Multi-segmental postural coordination in
professional ballet dancers. Gait Posture. 2011 May;34(1):76-80. doi: 10.1016/j.gaitpost.2011.03.016. Epub 2011 May 6.
PMID: 21530267.

Kim MJ, Kim JH. Comparison of lower limb muscle activation with ballet movements (releve and demi-plie) and general movements
(heel rise and squat) in healthy adults. J Phys Ther Sci. 2016 Jan;28(1):223-6. doi: 10.1589/jpts.28.223. Epub 2016 Jan
30. PMID: 26957762; PMCID: PMC4756008.

172



Koessler L, Maillard L, Benhadid A, Vignal JP, Felblinger J, Vespignani H, Braun M. Automated cortical projection of EEG sensors:
anatomical correlation via the international 10-10 system. Neuroimage. 2009 May 15;46(1):64-72. doi:
10.1016/j.neuroimage.2009.02.006. Epub 2009 Feb 20. PMID: 19233295.

Kneeland JA. Dancer prepares (series of 4 articles). Dance Mag. 1966;4:49—69.

Krasnow D, Wilmerding MV, Stecyk S, Wyon M, Koutedakis Y. Biomechanical research in dance: a literature review. Med Probl
Perform Art. 2011 Mar;26(1):3-23. PMID: 21442132.

L Biernacki J, Stracciolini A, Fraser J, J Micheli L, Sugimoto D. Risk Factors for Lower-Extremity Injuries in Female Ballet
Dancers: A Systematic Review. Clin J Sport Med. 2021 Mar 1;31(2):e64-e79. doi: 10.1097/JSM.0000000000000707.
PMID: 30589745.

Lambrinos EM. (2019). Building Ballet: developing dance and dancers in ballet. Doctoral thesis. Department of Sociology and Social

Policy Faculty of Arts and Social Sciences, University of Sydney.

Letton ME, Thom JM, Ward RE. The Effectiveness of Classical Ballet Training on Health-Related Outcomes: A Systematic Review. J
Phys Act Health. 2020 May 1;17(5):566-574. doi: 10.1123/jpah.2019-0303. PMID: 32235002.

Lott MB. Translating the Base of Support A Mechanism for Balance Maintenance During Rotations in Dance. J Dance Med Sci. 2019
Mar 15;23(1):17-25. doi: 10.12678/1089-313X.23.1.17. PMID: 30835652.

Lott MB, Xu G. Joint Angle Coordination Strategies During Whole Body Rotations on a Single Lower-Limb Support: An Investigation
Through Ballet Pirouettes. J Appl Biomech. 2020 Mar 2;36(2):103-112. doi: 10.1123/jab.2019-0209. PMID: 32126523.

Miller KJ, Schalk G, Fetz EE, den Nijs M, Ojemann JG, Rao RP. Cortical activity during motor execution, motor imagery, and
imagery-based online feedback. Proc Natl Acad Sci U S A. 2010 Mar 2;107(9):4430-5. doi: 10.1073/pnas.0913697107.
Epub 2010 Feb 16. Erratum in: Proc Natl Acad Sci U S A. 2010 Apr 13;107(15):7113. PMID: 20160084; PMCID:
PMC2840149.

Orlandi A, Arno E, Proverbio AM. The Effect of Expertise on Kinesthetic Motor Imagery of Complex Actions. Brain Topogr. 2020
Mar;33(2):238-254. doi: 10.1007/s10548-020-00760-x. Epub 2020 Feb 28. PMID: 32112306.

Pickard, A. (2013). Ballet body belief: Perceptions of an ideal ballet body from young ballet dancers. Research in Dance Education.
https://doi.org/10.1080/14647893.2012.712106

Pickard, A. (2015). Ballet Body Narratives: pain, pleasure and perfection in embodied identity. Bern: Peter Lang AG, Internationaler

Verlag der Wissenschaften.

Quadrado V, Moreira M, Ferreira H, Passos P. Sensing Technology for Assessing Motor Behavior in Ballet: A Systematic Review.
Sports Med Open. 2022 Mar 14;8(1):39. doi: 10.1186/s40798-022-00429-8. PMID: 35286494; PMCID: PMC8921372.

Rangel JG, Divino Nilo Dos Santos W, Viana RB, Silva MS, Vieira CA, Campos MH. Studies of Classical Ballet Dancers' Equilibrium
at Different Levels of Development and Versus Non-Dancers: A Systematic Review. J Dance Med Sci. 2020 Mar
15;24(1):33-43. doi: 10.12678/1089-313X.24.1.33. PMID: 32093823.

Sawers A, Allen JL, Ting LH. Long-term training modifies the modular structure and organization of walking balance control. J
Neurophysiol. 2015 Dec;114(6):3359-73. doi: 10.1152/jn.00758.2015. Epub 2015 Oct 14. PMID: 26467521; PMCID:
PMC4868379.

173



Scrivener CL, Reader AT. Variability of EEG electrode positions and their underlying brain regions: visualizing gel artifacts from a
simultaneous EEG-fMRI dataset. Brain Behav. 2022 Feb;12(2):e2476. doi: 10.1002/brb3.2476. Epub 2022 Jan 18. PMID:
35040596; PMCID: PMC8865144.

Smith PJ, Gerrie BJ, Varner KE, McCulloch PC, Lintner DM, Harris JD. Incidence and Prevalence of Musculoskeletal Injury in Ballet:
A Systematic Review. Orthop J Sports Med. 2015 Jul 6;3(7):2325967115592621. doi: 10.1177/2325967115592621. PMID:
26673541; PMCID: PMC4622328.

Storm JM, Wolman R, Bakker EWP, Wyon MA. The Relationship Between Range of Motion and Injuries in Adolescent Dancers and
Sportspersons: A Systematic Review. Front Psychol. 2018 Mar 22;9:287. doi: 10.3389/fpsyg.2018.00287. PMID:
29623052; PMCID: PMC5874564.

Sumanapala DK, Walbrin J, Kirsch LP, Cross ES. Neurodevelopmental perspectives on dance learning: Insights from early
adolescence and young adulthood. Prog Brain Res. 2018;237:243-277. doi: 10.1016/bs.pbr.2018.03.010. Epub 2018 Apr
24. PMID: 29779737.

Trentacosta N, Sugimoto D, Micheli LJ. Hip and Groin Injuries in Dancers: A Systematic Review. Sports Health. 2017
Sep/Oct;9(5):422-427. doi: 10.1177/1941738117724159. Epub 2017 Aug 7. PMID: 28783444; PMCID: PMC5582702.

Trepman E, Gellman RE, Solomon R, Murthy KR, Micheli LJ, De Luca CJ. Electromyographic analysis of standing posture and
demi-plié in ballet and modern dancers. Med Sci Sports Exerc. 1994 Jun;26(6):771-82. doi:
10.1249/00005768-199406000-00018. PMID: 8052117.

Ushiyama J, Takahashi Y, Ushiba J. Muscle dependency of corticomuscular coherence in upper and lower limb muscles and
training-related alterations in ballet dancers and weightlifters. J Appl Physiol (1985). 2010 Oct;109(4):1086-95. doi:
10.1152/japplphysiol.00869.2009. Epub 2010 Aug 5. PMID: 20689093.

White, J. (1996). Teaching Classical Ballet. University Press of Florida.
Wulff, H. (1998). Ballet across borders : career and culture in the world of dancers. Oxford; Berg.

Wyon M, Harris J, Brown D, Clark F. Bilateral differences in peak force, power, and maximum plié depth during multiple grande jetés.
Med Probl Perform Art. 2013 Mar;28(1):28-32. PMID: 23462902.

174



