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RESUMEN

El entrenamiento de la fuerza en los deportes de equipo ha ido evolucionando en las
Gltimas décadas hacia un enfoque mas integrador, adaptandose a sus caracteristicas
propias y distanciandose de los entrenamientos mas tradicionales derivados de los
deportes individuales. Julio Tous (Seirul-lo, 2017, Capitulo Tous Fajardo, Julio)
propone un cambio de paradigma basando el entrenamiento de fuerza en el
movimiento humano, asi seran los movimientos los que actuardn como eje
vertebrador de las propuestas de ejercicios de fuerza y no los grupos musculares, que
seran los meros ejecutores. Una de las metodologias que nos permiten ajustarnos a
este cambio de paradigma es el entrenamiento estructurado a través de sus diferentes
niveles de aproximacion deportiva. Seirul-lo (Seirul-lo, 1993b) establecié cuatro
niveles de especificidad que iban de general a competitivo; posteriormente, Moras
(1994) establecio seis niveles de aproximacion deportiva que iban del 0 al 5y sus
diferentes agrupaciones. Uno de los grandes retos pendientes de abordar y aportar
evidencia cientifica era mediante qué sensores y a través de qué tipo de analisis se
debian monitorizar estos niveles de aproximacion deportiva, especialmente en ese
cambio de ejercicios con una predominancia condicional a otros con predominancia
coordinativa. Desde una perspectiva de evaluacion, las oscilaciones del movimiento
humano se pueden evaluar como cualquier otra serie temporal (Couceiro et al., 2014).
Sin embargo, las series temporales fruto de sefiales fisiologicas presentan
fluctuaciones no lineales y, como consecuencia, realizar un anélisis estadistico
mediante técnicas lineales nos dar4 como resultado una informacion parcial del
movimiento humano (Orellana & Torres, 2010). Por lo tanto, el uso de herramientas
no lineales como la entropia puede ser una buena alternativa para explorar la
naturaleza del movimiento humano y su relacién con el desarrollo coordinativo
(Preatoni et al., 2013), reflejando cambios en la variabilidad de movimiento durante
la ejecucion de las tareas y a lo largo del tiempo. Asi, el objetivo de esta tesis fue
analizar el rol de la variabilidad de movimiento medida a través de la entropia en

tareas de fuerza con diferentes niveles de aproximacion deportiva.



Primero se hizo una prueba piloto con el objetivo de comprobar si los acelerémetros
de dos sensores con frecuencias de muestreo de 100 y 1000Hz eran vélidos para
evaluar tareas de fuerza de corta duracion seleccionados en los estudios de esta tesis.
Se observaron que habia diferencias tanto en los valores de aceleracion media como
de entropia en base a la frecuencia de muestreo, con valores de entropia
significativamente superiores al registrar a 100 Hz, donde claramente se observaba
que habia una pérdida de puntos temporales los cuales hacian que la sefial fuera
menos previsible (Figura 11). En conclusion, dadas las caracteristicas temporales de
las tareas de fuerza en los deportes de equipo, 1000 Hz es una frecuencia adecuada
para registrar los ejercicios cortos y explosivos, y por lo tanto fue la frecuencia

empleada durante todos los estudios de la tesis.

En el primer estudio se analizo la variabilidad en la aceleracion durante una tarea de
fuerza realizada con un cono de inercia sin (NOBALL) y con (BALL) el condicionante
de coger y pasar un bal6n de rugby. Cambios en las medias (%; + 90% CL) de 4.64;
+3.1genlaaceleracion mediay 39.48; + 36.63 a.u. en la entropia indican un aumento
probable y muy probable cuando se introduce el condicionante del balén. La entropia
multiescala también mostré una mayor imprevisibilidad de la aceleracién bajo la
condicién del balén, especialmente en escalas de tiempo mas altas. Por lo tanto, la
aplicacion de condicionantes coordinativos en el entrenamiento de fuerza con
jugadores de rugby produce una cantidad diferente de variabilidad de movimiento a

través de maltiples escalas de tiempo fisioldgico.

El segundo estudio tuvo como objetivo identificar las diferencias entre posiciones
(forwards vs. backs) en la variabilidad del movimiento en el entrenamiento de
placajes acumulados durante los roles de ataque y defensa. Los participantes
realizaron cuatro bloques de seis placajes de defensa (es decir, placar a un oponente)
y seis de ataque (es decir, ser tacleado por un oponente mientras llevaba una pelota),
es decir, 48 placajes totales. Se utilizo la entropia muestral (SampEn) para analizar la
variabilidad del movimiento. Se observaron diferencias significativas entre blogques
en los backs (bloque 1 frente a 3 y bloque 1 frente a 4 pero no en forwards. La

variabilidad del movimiento mostro una reduccidn progresiva con los placajes
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acumulados, especialmente en los backs y en el rol defensivo. Los delanteros
presentaron valores de variabilidad de movimiento méas bajos en todos los bloques,

particularmente en el primeo, tanto en el rol de ataque como en el defensa.

Por ultimo, el tercer estudio el objetivo fue identificar los cambios en la variabilidad
de movimiento y la velocidad de ejecucion durante un periodo de entrenamiento de
seis semanas utilizando una tarea de fuerza realizada con un cono inercial sin
(NOBALL) y con (BALL) el condicionante de coger y pasar una pelota de rugby,
durante un periodo de seis semanas. SampEn no mostro una disminucién significativa
para NOBALL (ES -0.64 £ 1.02) y una disminucion significativa para BALL (ES -
1.71 + 1.16; p <0.007). Ademas, la velocidad de ejecucion mostré un aumento
significativo para NOBALL (ES 1.02 + 1.05; p <0.047), y un aumento significativo
para BALL (ES 1.25 + 1.08; p <0.025) entre las semanas 1 y 6. El indice de
complejidad mostrd mayores niveles en la condicién de BALL, especialmente en las
primeras tres semanas. La velocidad de ejecucién y la variabilidad de movimiento se
adaptaron a las limitaciones de la tarea después de un periodo de entrenamiento de
cuatro semanas. Las medidas de entropia parecen una técnica de sefial de
procesamiento de datos prometedora para identificar cuando se deben cambiar estas

tareas de ejercicio en el entrenamiento de fuerza en los deportes de equipo.

En conclusidn, analizar la variabilidad de movimiento a través de la entropia tendra
un rol fundamental en el control y programacion de tareas de fuerza en los deportes
de equipo, especialmente cuando estas tengan una predominancia coordinativa

basada en el movimiento deportivo.






ABSTRACT

Over the last decades, resistance training in team sports has evolved towards a more
integrative approach, adapting to its own characteristics and distancing itself from the
more traditional training derived from individual sports. Based on human movement,
Julio Tous (Seirul-lo Vargas, 2017, Chapter Tous Fajardo, Julio) proposed a
paradigm shift in which movements act as the backbone of exercise selection instead
of the muscle groups, which in turn become mere executors. Structured training is a
resistance training methodology that allows us to adjust to this paradigm shift through
different levels of sports approach. Seirul-lo (1993) established four levels of
specificity ranging from general to competitive. Subsequently, Moras (2000)
developed six levels of sports approach, ranging from zero to five with different

groupings.

Analysis of human movement has evolved to allow the assessment of the variability
of a measure by targeting the detection of changes in fluctuations and spatiotemporal
characteristics of the outcomes. Within the past 20 years, entropy analysis has
become relatively popular as a measure of system complexity. Thus, the aim of this
thesis was to analyse the role of movement variability measured through entropy in

resistance training in team sports with different levels of sports approach.

First, a pilot test was carried out to compare the values of mean acceleration and
entropy values in short actions (i.e. collisions) when registered with two devices with
different accelerometer sampling frequencies (1000 Hz versus 100 Hz). Differences
were observed for mean acceleration and entropy when measured with different
sampling frequencies. Therefore, 1000 Hz was selected as the sampling frequency

for the rest of the experiments on this thesis.

The first study described the variability in acceleration during a resistance training
task, performed in horizontal inertial flywheels without (NOBALL) or with the
constraint of catching and throwing a rugby ball (BALL). Mean changes (%;
+90%CL) of 4.64; £3.1 g for mean acceleration and 39.48; £36.63 a.u. for sample

entropy indicated likely and very likely increase when in BALL condition. Multiscale

5



entropy also showed higher unpredictability of acceleration under the BALL
condition, especially at higher time scales. Thus, the application of match specific
constraints in resistance training for rugby players elicit different amount of

variability of body acceleration across multiple physiological time scales.

The second study aims to identify between-position (forwards vs. backs) differences
in movement variability in cumulative tackle events training during both attacking
and defensive roles. Participants performed four blocks of six tackling (i.e. tackling
an opponent) and six tackled (i.e. being tackled by an opponent while carrying a ball)
events (i.e. 48 total tackles) while wearing a micro-technological inertial
measurement unit. Sample entropy (SampEn) were used to analyse the movement
variability. Significant between-block differences were observed in backs (block 1 vs
3 and block 1 vs 4) but not in forwards. Movement variability shows a progressive
reduction with cumulative tackle events, especially in backs and the defensive role.
Forwards present lower movement variability values in all blocks, particularly in the

first block, both in the attacking and defensive role.

Last, in the third study aims was to identify the changes in movement variability and
movement velocity during six weeks training period using a resistance horizontal
forward-backward task without (NOBALL) or with (BALL) the constraint of
catching and throwing a rugby ball in the forward phase, during a six-week period.
SampEn showed no significant decrease for NOBALL (ES -0.64 = 1.02) and
significant decrease for BALL (ES -1.71 £ 1.16; p<0.007) conditions. Additionally,
movement velocity showed significant increase for NOBALL (ES 1.02 + 1.05;
p<0.047), and significant increase for BALL (ES 1.25 £ 1.08; p<0.025) between
weeks 1 and 6. The complexity index showed higher levels of complexity in BALL
condition, specifically in the first three weeks. Movement velocity and complex
dynamics were adapted to the constraints of the task after a four-week training period.
Entropy measures seem a promising processing signal technique to identify when

these exercise tasks should be changed.



In conclusion, analysing the movement variability through entropy will have a
fundamental role in the control and programming of resistance training in team

sports, especially when they have a coordinative predominance based on sports

movement.
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Para entender el contexto de esta tesis doctoral hay que remontarse al afio 2013,
cuando yo estaba cursando 3.° del Grado en Ciencias de la Actividad Fisica y
del Deporte en el Instituto Nacional de Educacion Fisica de Catalufia (INEFC),
en el centro de Barcelona. Por aquel entonces, los profesores a los que méas
respeto tenia académicamente, conocedores de mis inquietudes y mi pasion por
el entrenamiento deportivo y mi incipiente inquietud investigadora, me
recomendaron que cogiera al profesor Gerard Moras como tutor del Trabajo de
Final de Carrera (TFG) y que hiciera mis practicas con él en el laboratorio de
fuerza. Y asi fue, sin todavia conocerlo de nada decidi seleccionarlo como tutor
del TFG y escogi realizar mis practicas en el laboratorio de fuerza y
biomecanica bajo su tutela. Durante el TFG y las practicas en el laboratorio
surgié una buena conexién con Gerard, ya que entendia la preparacion fisica y
la investigacion deportiva desde una perspectiva con la que me sentia muy
identificado y cdémodo trabajando, asi que me propuso dirigir también mi
Trabajo de Final de Master (TFM) y que al mismo tiempo fuéramos preparando
un proyecto de investigacién para presentarnos a una beca predoctoral. Durante
ese afio y mientras preparabamos el proyecto, fue surgiendo la idea de la
necesidad de monitorizar ejercicios con diferentes niveles de especificidad
deportiva y seguir dandole un sustento cientifico al entrenamiento estructurado
en los deportes de equipo, especialmente al apartado de fuerza. Al afio siguiente
ganamos la ayuda para la contratacion de personal investigador novel
(DOGC:6966 10.9.2015) concedida por el INEFC y la Agéncia de Gestid
d’Ajuts Universitaris i de Recerca (AGAUR), y un afio mas tarde nos
concedieron la ayuda para la Formacion de Profesorado Universitario
(FPU15/03235) del Ministerio de Educacion, Cultura y Deporte. Esta
financiacion ponia las cosas mas faciles y nos permitia afrontar con mas
garantias el reto que nos habiamos marcado, el cual no era pequefio, ya que,
pese a que Gerard forma parte del grupo de ide6logos del entrenamiento
estructurado y yo estaba bastante familiarizado con sus fundamentos, las
herramientas empleadas para la medicion y el analisis de los mismos a través

de la entropia suponian un concepto totalmente novedoso.
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2. Introduccién

2.1. El entrenamiento de la fuerza en los deportes de
equipo

El entrenamiento de la fuerza ha progresado desde sus origenes mas empiricos hacia
un enfoque de entretenimiento y espectaculo para finalmente convertirse en una
disciplina cientifica. Las primeras referencias escritas se remontan al 3600 a. C., en
unas escrituras chinas (Tous, 1999). Posteriormente, en torno al 558 a. C., se sitlia en
Italia al luchador Milo de Crotona, al cual se le atribuye ser el creador del
entrenamiento de fuerza con cargas progresivas. Se hizo popular la historia de como
fue transportando cada dia en sus hombros a un ternero hasta que este tuvo 4 afios de
edad; de este modo, a medida que el ternero iba creciendo, cada vez pesaba mas y
Milo se hacia cada vez mas fuerte. Los primeros libros sobre el entrenamiento con
pesas empiezan a aparecer en el s. XVI, en 1531, Sir Thomas Elyot publica lo que se
considera el primer libro sobre entrenamiento de fuerza y potencia (Stojiljkovi¢,
Ignjatovi¢, Savi¢, Markovi¢, & Milanovi¢, 2013; Tous, 1999). Posteriormente, en
1569, se publica Hieronymous Mercurialis’ De Art Gymnastica 'y en 1573 se ilustra
el mismo libro con una amplia variedad de ejercicios con mancuernas y placas de
hierro pesadas (Kraemer et al., 2017). Pero es ya en el s. XIX, a finales de la década
de 1800, cuando el entrenamiento de la fuerza se popularizé entre la poblacion
vinculado al mundo del espectaculo, como el circo y el vodevil, donde se competia
por ver quién era el mas fuerte comprobando quien era capaz de movilizar mas peso,
de ahi surgi6 el concepto del strongman (Kraemer et al., 2017; Tous, 1999). A partir
de aqui, ird alcanzando cada vez mas popularidad y se ira acercando a la poblacion
general y al deporte competitivo; asi, en 1835, William Wood abrira el primer
gimnasio general en Nueva York y en 1896 el levantamiento de pesos (weightlifting)
pasard a ser incluido como modalidad olimpica en los Juegos Olimpicos de Atenas
(Grecia). Fruto de este acercamiento a la poblacion y del creciente interés general en
el entrenamiento de la fuerza, en el s. XX empiezan a aparecer las primeras revistas
comerciales sobre el tema, Alan Calvert en 1914 publica la revista Ilamada Strength,

en 1932 Bob Hoffman publica Strength & Health, donde lanza un mensaje claro de
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que el entrenamiento de fuerza mejora el rendimiento de los atletas (Kraemer et al.,
2017). Progresivamente se iran tecnificando los libros publicados al respecto, en 1951
el Dr. Thomas DeLorme publica Progressive Resistance Exercise: Technic and
Medical Application y en 1956 Peter Karpovich y Jim Murray publican Weight
Training in Athletics. De manera paralela, va creciendo el mundo del culturismo de
competicién, que alcanza su cima en 1965 con el primer torneo oficial de Mr.
Olympia. Esto provoca que el entrenamiento de la fuerza se asocie especialmente con
la halterofilia y el culturismo de competicién durante muchos afios, pero
progresivamente se va acercando a otras disciplinas deportivas. Sin embargo, no sera
hasta la década de los afios 70 cuando la ciencia empieza a preocuparse por esta
disciplina, un punto de inflexion importante sera la creacion de la National Strength
and Conditioning Association (NSCA) por Boyd Epley en 1978.

Esta vinculacion del entrenamiento de fuerza con el mundo del «espectaculo», como
el culturismo, ha comportado que su evolucion haya ido méas ligada a las
caracteristicas de los deportes individuales y no ha sido hasta las Gltimas décadas
cuando la investigacién en el entrenamiento de fuerza aplicado a los deportes

colectivos ha ido tomando mas importancia.

El entrenamiento de fuerza ha ido evolucionando en cuanto a su definicién aplicada
al entrenamiento deportivo. Originalmente, la fuerza se definia como la cualidad
fisica que nos permite mantener, vencer u oponernos a una resistencia externa. A
esta definicion le falta un concepto clave para entender la fuerza aplicada al
movimiento humano, que es el concepto de tension muscular. Y si hablamos de
deportes de equipo, ademas debemos afiadir la importancia del contexto y el
momento en el que se aplica esta tension muscular, entendiendo la fuerza en los
deportes de equipo como la capacidad de un musculo o grupo muscular de generar
tensién muscular bajo condiciones especificas (Siff & Verkhoshansky, 1996). Julio
Tous (Seirul-lo, 2017, Capitulo La estructura condicional) propone un cambio de

paradigma basando el entrenamiento de fuerza en el movimiento humano, asi seran
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2. Introduccién

los movimientos los que actuaran como eje vertebrador de las propuestas de ejercicios

de fuerza y no los grupos musculares, que seran los meros ejecutores (Figura 1).

Eficacia/ Alternancia/
Eficiencia Concatenaci(’)n
Fluctuaciones/
/ Perturbaciones \

Sobrecarga Torsi Estocastico/ i |
Excéntrica OEOnes MOVIMIENTO Inesperado Unilatera
\\ - /
acomodada
Clusters/

RPA

Figura 1. Propuesta de entrenamiento de fuerza en base al movimiento. Adaptado de
Tous-Fajardo (2017).

En los apartados posteriores se iran describiendo de manera mas detallada las
caracteristicas propias de los deportes colectivos que hacen necesario un cambio de

paradigma.
2.1.1. Todo es fuerza

La clave de la motricidad humana es el movimiento, y para que exista este
movimiento es necesario generar una tension muscular. Por lo tanto, podemos
entender la fuerza como la unica cualidad fisica basica de la cual se derivan las demas

(Figura 2). De esta manera, algunos autores afirman que «la fuerza es la base de todas
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las capacidades condicionales», en palabras de Seirul-lo en el prélogo del libro La
Pliometria de Cometti (1998). También Tous (1999) apoya esta afirmacién y ademas
nos explica como el estudio basico de las contracciones musculares se puede reducir

a tres parametros:

Nivel de fuerza aplicado: cuantificacion de los newtons generados en una accion
determinada. Seria el pardmetro que mayor relacién guardaria con lo que
tradicionalmente se ha entendido como fuerza.

Tiempo que se tarda en alcanzar distintos niveles de fuerza: concepto relacionado con
la potencia, es decir, el estudio de la relacién entre la aplicacion de la fuerza y el
tiempo que se tarda en aplicar esta fuerza. Esta seria la forma en que se expresa la

velocidad una vez ha comenzado el movimiento.

Tiempo que el deportista es capaz de mantener un determinado nivel de fuerza:

capacidad de mantener una aplicacion de fuerza a lo largo del tiempo.

Capacidad fisica fundamental

FUERZA
RESISTENCIA VELOCIDAD
Ayuda a mantener niveles de fuerza Deriva directamente de la fuerza
ADM Coordinacion

Capacidades fisicas facilitadoras

Figura 2. La fuerza como capacidad fisica fundamental. ADM: Amplitud de
movimiento. Adaptado de Tous-Fajardo (1999; 2017).
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2. Introduccién

2.1.2. El entrenamiento estructurado

Tradicionalmente se han tomado como referencia modelos, métodos y sistemas de
entrenamiento de la fuerza propios de los deportes individuales, cuya relacién con los
deportes colectivos es minima. La variabilidad motora e incertidumbre propias del
juego colectivo han creado la necesidad de utilizar otros modelos que, tomando como
punto de partida las Teorias de la Complejidad y la Teoria de Sistemas, se adapten
mucho mejor a estas caracteristicas. El entrenamiento estructurado tiene su origen en
las teorias del profesor Seirul-lo, que posteriormente fueron desarrollando un grupo
de comparieros vinculados de una u otra manera al INEFC de Barcelona, como
Gerard Moras, Julio Tous, Marcel-li Massafret, Xesco Espar, Josep Maria Padullés,
Joan Solé, Javier Jorge, Richi Serrés y Daniel Romero (Seirul-lo, 2017), a los que se
conoce popularmente como la Escuela de Barcelona. El entrenamiento estructurado
se compone, como su nombre indica, de las estructuras del humano deportista que
emanan de la forma de expresion en la accién motora durante la practica grupal. Las
relaciones que existen entre las diferentes estructuras y su organizacion facilitan las
relaciones con el entorno competitivo especifico de cada deporte (Tarragd, Seirul-lo,
& Cos, 2019). Se propone evolucionar hacia un nuevo paradigma donde pasemos de
lo racional, analitico, reduccionista, lineal y cuantitativo a lo intuitivo, sintético,

holistico, no lineal y cualitativo (Seirul-lo, 2017).

Esta metodologia de trabajo se ha aplicado y desarrollado durante afios en clubs y
selecciones de diferentes deportes colectivos de maximo nivel y esto ha ayudado a
gue sea conocida a nivel nacional e internacional, teniendo como base de expansion
de su conocimiento el Master Profesional en Alto Rendimiento en Deportes de
Equipo del INEFC de Barcelona, donde imparten docencia todos los ide6logos de
dicha metodologia. Estd claro que no hay una Unica metodologia aplicable al
entrenamiento de los deportes de equipo, existen diferentes ramas y todas ellas con
éxitos deportivos que las avalan, pero, desde luego, el entrenamiento estructurado
constituye una de las metodologias contrastadas y aplicadas al mas alto nivel con

grandes éxitos deportivos.
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2.1.2.1. Las estructuras del deportista

Es fundamental tener en cuenta la relacién que se establece entre el jugador y su
entorno, por eso es importante interpretar las caracteristicas del jugador como sistema
dindmico que interactGa con su entorno competitivo. Las caracteristicas de los
sistemas dinamicos, formados por diferentes sistemas y subsistemas que acttan y
retroactlan entre si para crear nuevos comportamientos, se estudian desde hace
décadas (Coffey, 1998; Goodman & Kelso, 1980; Schoner & Kelso, 1988; Sharp &
Priesmeyer, 1995). No obstante, fue el profesor Seirul-lo (1993b; 2017) quien puso
orden a estas teorias haciendo una propuesta para su aplicabilidad al entrenamiento
en los deportes de equipo, proponiendo la configuracién del jugador en estructuras
interdependientes que actuan y retroacttan durante el movimiento humano mientras
ejerce la préctica deportiva en el contexto propio de los deportes de equipo.
Concretamente propone siete estructuras diferentes. A continuacién vamos a explicar

y trabajar sobre las seis iniciales (Figura 3):

. Estructura condicional y bioenergética: Es la estructura que da el aporte
fisico al desarrollo de la actividad del jugador. Sus valores mas representativos se
relacionan con los conceptos clasicos de fuerza, velocidad y resistencia. La
bioenergética dara el soporte energético a la accién (Colosio, Pedrinolla, Da Lozzo,
& Pogliaghi, 2018; Malacko, Doder, Djurdjevi¢, Savi¢, & Doder, 2013; Michalsik,
Madsen, & Aagaard, 2014) y la condicional se corresponde con las acciones
musculares que generan el movimiento (Cronin, McNair, & Marshall, 2001; Harper,
Carling, & Kiely, 2019; McLellan & Lovell, 2012; Quarrie, Hopkins, Anthony, &
Gill, 2013).

. Estructura coordinativa: Se encarga de la ejecucion del movimiento de la
forma deseada teniendo una estrecha relacion con la técnica (Schmidt, 1991). Tiene
como objetivo el control motor de la accion (Newell, Van Emmerik, & McDonald,
1989; Schmidt & Lee, 2005; Schmidt & Wrisberg, 2008; Winter, 2009; Wyatt, Weir,
van Emmerik, Jewell, & Hamill, 2019), con la implantacién espacial y el control
temporal de la misma accidn, enmarcandose en el contexto del ciclo de percepcién
accion (Newell, Broderick, Deutsch, & Slifkin, 2003; Vickers, 2007).
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2. Introduccién

. Estructura cognitiva: Se encarga de captar y procesar los estimulos que el
jugador puede recibir del entorno para identificar las posibilidades de accion. Se
relaciona con el concepto de tactica, y con la necesidad de reconocer e interpretar la
informacion significativa para poder responder de forma eficiente y eficaz a las
variantes contextuales que se presentan continuamente (Lee, 2013; Rico-Gonzélez,
Los Arcos, Nakamura, Moura, & Pino-Ortega, 2020; Sampaio & Magés, 2012;
Wolfgang & Fabian, 2019; Yarrow, Brown, & Krakauer, 2009).

. Estructura socioafectiva: Es la estructura que se encarga de las relaciones
que se establecen entre el jugador y las demas personas del equipo. En esta estructura
se atienden las relaciones que tienen lugar en el plano socioafectivo en varios niveles:
con el staff, con los comparieros y con los rivales (Gorman, Dunbar, Grimm, &
Gipson, 2017; Steiner, Seiler, & Cooke, 2017). Esta estructura resulta especialmente
importante dentro de los deportes de equipo y es una de las que mas lo diferencian de

los deportes individuales.

. Estructura emotivo-volitiva: Se encarga de la identificacion personal de
uno mismo. Es béasico que el sujeto se involucre y se sienta identificado en su auto-
estructuracion —una de las formas estratégicas de ensefianza y aprendizaje basada en
gue el deportista es agente activo tomando la iniciativa de aprender organizandose
(Kuhl, 1984; Pérez & Gutiérrez-Braojos, 2012). Si el jugador no cree en el proceso
de entrenamiento que esta llevando a cabo se producira un bucle de retroalimentacion
negativo que dificultara su progresion, por lo que es muy recomendable conseguir

siempre la implicacién positiva del jugador.

. Estructura creativo-expresiva: En la ciencia cognitiva, las ideas creativas
se definen como soluciones originales y factibles en respuesta a los problemas (Orth,
van der Kamp, Memmert, & Savelsbergh, 2017). Bernstein (1996) definia la destreza
como «encontrar una soluciébn motora para cualquier situacion y en cualquier
condicién»; esta definicion se podria aplicar a la creatividad motora, entendiéndola
como la capacidad del deportista para encontrar la mejor solucién ante cualquier
situacion del juego. Los jugadores méas experimentados y de mayor calidad la tienen

mas desarrollada (Kannekens, Elferink-Gemser, & Visscher, 2009). Esto permite
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proyectar el yo personal en la actividad deportiva. Por eso es importante no cerrar del
todo las tareas, para que el jugador pueda desarrollar el acto creativo (Fernandez &
Lopez, 1998; Kannekens et al., 2009; Leite, Coelho, & Sampaio, 2011; Memmert &
Roth, 2007; Orth et al., 2017).

En este sentido, el término «optimizacion del jugador» no persigue maximizar
solamente alguna de sus cualidades. Méas bien se trata de someterlo a determinadas
situaciones de entrenamiento que provoquen un cierto desequilibrio en alguna de las
estructuras que configuran al sujeto para que este se vea obligado a adaptarse en un

proceso continuo de auto-estructuracion (Arjol, 2012).

CONDICIONAL
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Figura 3. Las estructuras del deportista. Seirul-lo (1993).
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2. Introduccién

2.1.2.2. Movimientos deportivos y habilidades bésicas en los deportes de

equipo

El movimiento es inherente al ser humano. Somos seres dinamicos que nos
expresamos y comunicamos a través del movimiento. Seré a través de movimientos
como resolveremos las situaciones de juego propias de los deportes de equipo, a
través de la interaccion con comparieros y rivales. Por este motivo, también serd la
practica orientada hacia los movimientos especificos del deporte lo que hara que el
deportista avance hacia la especializacion deportiva (Massafret en Seirul-lo, 2017,
Capitulo La proyeccion del movimiento deportivo especifico en el juego). Asi,
deberemos analizar cuéles son los movimientos deportivos y las habilidades motoras
béasicas (Carson & Collins, 2014; Jukic et al., 2019; Kokstejn, Musalek, Wolanski,
Murawska-Cialowicz, & Stastny, 2019; Logan, Ross, Chee, Stodden, & Robinson,
2018; Wickstrom, 1977) que necesitaran los deportistas para la practica deportiva de
cada disciplina. Seirul-lo (1993a) clasifica las manifestaciones de fuerza en cuatro
grandes grupos en funcidn de su vinculacidn a las habilidades motoras basicas como

el lanzamiento, el salto, el desplazamiento o habilidades como la lucha (Figura 4):

e Fuerza de lanzamiento o interaccion con el balon: En los deportes colectivos
podemos considerar que la interaccion con el baldn es un elemento clave del
juego, por lo tanto, todos los movimientos deportivos que tengan relacion
con cémo interaccionar con el mismo seran de vital importancia. Asi, la
fuerza de interaccion con el balon buscara que las acciones motoras de pase
y lanzamiento se puedan realizar con los niveles de tension muscular
adecuados para maximizar su ejecucion técnica.

e Fuerza de lucha: La necesidad de ganar el espacio y la posesion del balén es
otra caracteristica de los deportes de equipo en espacio compartido, creando
situaciones de oposicion directa con el rival por esa disputa del espacio o el
balén. En muchas ocasiones requiere una motricidad compleja con el
sumatorio de un condicionante externo desestabilizador como es el rival y se

deben buscar diferentes soluciones con altos niveles de aplicacion de fuerza.
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Lucha

Fuerza de salto: Muchas acciones técnico-tacticas en los deportes colectivos
requieren de una accion de salto para ser ejecutadas con éxito, por ejemplo:
un remate de cabeza en futbol, una touche en rugby, un lanzamiento en
suspensidn en balonmano, etc. Por lo tanto, debemos afiadir a una habilidad
motriz como es un salto una ejecucidn con unos ajustes espacio-temporales
cambiantes y dinamicos en funcion de la accion técnica y de la decision
tactica, de manera que a mayor repertorio motriz de la ejecucion del salto la
accion del deportista tenga mas posibilidades de éxito y menos riesgo de
lesion.

Fuerza de desplazamiento: La marcha y la carrera son habilidades motoras
béasicas que se manifiestan constantemente en los deportes de equipo por todo
el espacio de juego, y se producen en diferentes direcciones y a diversas

velocidades, con frecuentes cambios de direccion y frenadas.

Desplazamiento

7

¥

o s

FUERZA 71N s

B,

Interaccién con el balon

Figura 4. Familia de movimientos caracteristicos de los deportes de equipo.
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Estas manifestaciones de fuerza forman las familias de movimientos —concepto
utilizado por Moras en (Seirul-lo, 2017, Capitulo El entrenamiento tridimensional y
cuadrimensional de la fuerza) vinculadas a los movimientos deportivos propios de
cada deporte. Asi, por ejemplo, podemos considerar que una accion de ruck o un
placaje en rugby son acciones dentro de la familia de fuerza de lucha. Del mismo
modo que cuando definiamos las diferentes estructuras del deportista, a medida que
vayamos avanzando hacia ejercicios mas especificos, estas familias de movimientos
se irdn conectando unas con otras, y los ejercicios estardn compuestos por
combinaciones de varias e incluso todas las familias de movimiento, al igual que

sucede en el juego real.
2.1.2.3. Niveles de aproximacién

Basandose en las diferentes estructuras del deportista y las familias de movimientos,
primero Seirul-lo (1993b) y después Moras (1994) desarrollaron una propuesta en la
cual se plantea el entrenamiento como una progresion de propuestas de movimiento
con diferentes niveles de especificidad deportiva, donde se va acentuando la
importancia de las diferentes estructuras del deportista de manera progresiva hasta
crear tareas donde todas confluyen de manera similar a la competicion deportiva. Se
propone que exista siempre una estructura de base que generalmente serd de
naturaleza condicional o bioenergética, coordinativa o cognitiva. Y, por otro lado, las
estructuras socioafectiva, emotivo-volitiva y creativo-expresiva, consideradas
auxiliares, las cuales complementan las estructuras consideradas fundamentales o de
base (Seirul-lo, 1993b; Sole Forto, 2016).

La propuesta de Seirul-lo (1993b) se basa en cinco niveles de especificidad, uno de

ellos genérico y los cuatro restantes de aproximacion al movimiento deportivo:

e Ejercicio Genérico: Todas las estructuras se trabajan con poca similitud a la
competicidn del deportista. Por ejemplo: un jugador de rugby haciendo
natacion.

e Ejercicio Especifico General: Elevado nivel de especificidad de la estructura

condicional y bioenergética, pero bajo nivel de las restantes estructuras.
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Ejercicio Especifico Dirigido: Elevado nivel de especificidad de la estructura
condicional, bioenergética y de la estructura coordinativa. La toma de
decisiones es inespecifica (0 no existe).

Ejercicio Especifico Especial: La toma de decisiones es especifica. Por lo
tanto, aumenta la especificidad de la estructura cognitiva.

Ejercicio Especifico Competitivo: Hay ganador y perdedor, se trabaja la

estructura socioafectiva.

Unos afios mas tarde, en 1994, en el libro La Preparacion Integral en el voleibol,

Gerard Moras hace una propuesta tomando como base la de Seirul-lo y

evolucionandola a siete niveles diferentes de aproximacion (Figura 5) divididos de la

siguiente manera:
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Nivel OcpicL (entrenamiento complementario y compensatorio): Compuesto
por todos aquellos ejercicios relacionados con el entrenamiento
complementario y compensatorio. Los ejercicios compensatorios, como su
nombre indica, tienen el objetivo de compensar los desajustes creados por
los ejercicios de mayor nivel de especificidad. En cierta manera se pretende
mitigar los desajustes que hayan podido provocar los ejercicios en cada una
de las sesiones de entrenamiento, por lo que tiene una intima relacion con sus
contenidos. Por otro lado, los ejercicios complementarios son aquellos que
atienden los desajustes o riesgos potenciales de lesién que pueden aparecer
por las caracteristicas especificas de cada deporte y que normalmente se
planifican a lo largo del macrociclo. De alguna manera, se pretende prevenir
las lesiones mas frecuentes en un determinado deporte para evitarlas o que,
en caso de producirse, tengan, dentro de lo posible, menos severidad.

Nivel 0 (NO): Se trabajan las cadenas musculares fundamentales en el
movimiento deportivo, pero sin correspondencia dindmica con la técnica.
Entendemos por correspondencia dinamica la similitud en el movimiento
realizado con respecto a las familias de movimientos deportivos explicadas
anteriormente. En este nivel debe aplicarse algun tipo de resistencia externa,

gue puede ser de cualquier magnitud. Se le denomina microentrenamiento ya



2. Introduccién

que el objetivo es que los tejidos musculares soporten mejor las cargas de
entrenamiento, y no tanto la bisqueda de una «transferencia» de la fuerza en
el juego real. Fundamentalmente enfatiza la estructura condicional y
bioenergética.

e Nivel 1 (N1): Tiene correspondencia dinamica con la técnica y la resistencia
externa aplicada debe ser elevada. En muchas de las propuestas de
entrenamiento no se podra alcanzar una total correspondencia dinamica con
el movimiento deportivo debido a que la gran resistencia externa aplicada no
lo va a permitir. Sigue enfatizando la estructura condicional y bioenergética,
pero gana importancia la estructura coordinativa con respecto al NO.

e Nivel 2 (N2): En este nivel debe darse una alta correspondencia dinamica
con el movimiento deportivo, pero en este caso la resistencia externa aplicada
debe ser media o baja —siempre inferior al N1—, pudiéndose utilizar, por
ejemplo, bandas elasticas u otros lastres que nos garanticen una ejecucion
muy cercana al movimiento deportivo. Es un paso intermedio esencial entre
las tareas de gimnasio y de campo que tradicionalmente ha sido olvidado
dentro de los programas de fuerza clasicos en los deportes colectivos.
Enfatiza de manera similar la estructura condicional y bioenergética con la
estructura coordinativa. Es importante remarcar que tanto en el N1 como en
el N2 considerar la resistencia externa elevada o baja dependera totalmente
del deportista con el que estemos trabajando, condicionando el tipo de
material mas idoneo para uno u otro nivel. Asi, por ejemplo, la resistencia
externa ofrecida por una polea conica y sus beneficios en las adaptaciones
(De Hoyo etal., 2015; Gonzalo-Skok et al., 2017; Madruga-Parera et al.,
2020; Tous-Fajardo, Gonzalo-Skok, Arjol-Serrano, & Tesch, 2016) puede
ser utilizada como N1 en deportistas poco entrenados por suponer una carga
elevada, mientras que, en deportistas muy entrenados y familiarizados con la

misma, podra suponer una resistencia externa propia de un N2.

A continuacion, desarrollaremos los niveles optimizadores (Nivel 3, Nivel 4 y Nivel

5), en los que se trabaja con el peso corporal excluyéndose la utilizacion de
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resistencias externas artificiales. La Unica resistencia externa que se utiliza en estos

niveles es la que puedan generar otros deportistas (fuerza de lucha).

Nivel 3 (N3): Este nivel tiene una intima relacién con el gesto técnico. Se
trabaja sin resistencia externa artificial para facilitar la correcta ejecucion del
movimiento. Se afina la expresion de fuerza basada en la familia de
movimientos deportivos propios de cada disciplina. Es una parte fundamental
de este nuevo paradigma de entrenamiento de la fuerza basado en el
movimiento humano. Permite la organizacion de las tareas por repeticiones
y series para orientarlas hacia un tipo u otro de predominio de la estructura
condicional y bioenergética. No existe todavia toma de decisiones. Pese a
que trabaja la estructura condicional y bioenergética, enfatiza la estructura

coordinativa.

Todo tipo Cargas Cargas ‘
de cargas Altas Bajas Peso corporal
NO | N1 [~ N2 — N3 {1 N4 [ N5
General Dirigido Especial Competitivo

Figura 5. Los niveles de aproximacidn deportiva y sus tipos de resistencia externa.
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*Nivel 4 (N4): También tiene una gran relacion con el gesto técnico, la base
del ejercicio serd similar a la del N3, pero en este caso se introducira una
toma de decision simple. Enfatiza la estructura coordinativa y cognitiva, ya
que estimula el proceso de toma de decision simple.

Nivel 5 (N5): Son situaciones de juego reducido, o incluso situaciones de
juego real en el entrenamiento. Siguiendo una progresion con los niveles
anteriores, tendra de base la estructura de los N3 y N4, pero en este caso se
introducira la toma de decisiones complejas haciendo que el jugador tenga
gue encontrar la mejor solucion ante cualquier situacion del juego y

permitiendo que aflore el acto creativo. Confluyen todas las estructuras de



2. Introduccién

manera similar a la competicion real. No obstante, este nivel permite el
desarrollo maximo de la estructura creativo-expresiva debido a la toma de

decisiones compleja, que en el resto de niveles esta mas limitada.
Agrupaciones de niveles

A menudo, los ejercicios propuestos en los entrenamientos no pertenecen a un solo
nivel sino a dos de ellos, lo que configura las agrupaciones (A). De la misma manera
que durante el juego todas las estructuras confluyen e interaccionan de manera no
lineal, una verdadera aproximacion a la especificidad deportiva no puede darse
aplicando los niveles de aproximacion de manera escalonada y jerarquizada
linealmente. Por eso a menudo se recomienda combinar niveles buscando su
interaccion y tomando como referencia los estudios de entrenamiento combinado o
complex training (Alves, Rebelo, Abrantes, & Sampaio, 2010; Ebben, 2002). Para
clasificarlos mantendremos a la izquierda el namero de nivel de la base del ejercicio
y como segundo namero la variante afiadida como condicionante especifico (Figura
6).

Cargas altas

[ Agrupacion 1-4 ]
Agrupacion 1-3 ]
N1 — N2 — N3 |1 N4 [ N5
Agrupacion 2-3 I
Agrupacion 2-4 ]

Cargas bajas
Figura 6. Niveles de aproximacién deportiva y sus agrupaciones.

Asi, por ejemplo, si estamos realizando un ejercicio con correspondencia dinamica y
cargas altas (N1) y le afiadimos como condicionante una accion técnica como

interaccionar con un balén, dado que el condicionante esta ligado a la técnica y esta
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se asocia al N3, diremos que el ejercicio es una agrupacién de N1y N3y la podremos
catalogar como A1-3. O si, por ejemplo, a un ejercicio con resistencia elastica y gran
correspondencia dindmica (N2) le afiadimos una toma de decision que estaria mas

vinculada al N4, diremos que es una tarea A2-4.

2.2. Los condicionantes en el entrenamiento de la

fuerza

Una de las caracteristicas principales de los deportes colectivos es la imprevisibilidad
de las acciones debido al alto grado de incertidumbre que surge al interaccionar con
rivales y compafieros en un mismo espacio compartido. Los aterrizajes a una y dos
piernas, los forcejeos con el rival, las recepciones, los pases o golpeos a la pelota se
dan constantemente durante el juego en situaciones cambiantes que obligan al
deportista a adaptarse a cada nueva situacion. Estas acciones inesperadas pueden ser
maés lesivas para las estructuras del deportista (Besier, Lloyd, & Ackland, 2003;
Besier, Lloyd, Cochrane, & Ackland, 2001; Lloyd, 2001). Por esta razén, introducir
en el entrenamiento situaciones inesperadas para el deportista puede ayudar a crear
mecanismos de anticipacion por disposicion (Tous en Seirul-lo, 2017, Capitulo Todo

es fuerza).

Newell (1986) introduce el concepto de constraints, que se definen como las fronteras
o0 cualidades que limitan las interacciones de los componentes del sistema. Dividié
estas restricciones en tres tipos: las propias de la estructura o funcionalidad de la
persona (individuales), que incluyen caracteristicas individuales tales como la
experiencia, el aprendizaje, el desarrollo, la morfologia y los genes que interacttan
para modelar el rendimiento y la adquisicidn de conocimientos en el deporte (Davids,
Button, & Bennett, 2008); en segundo lugar, las propias de la tarea, que pueden ser
modificadas por el entrenador o el preparador fisico para provocar adaptaciones de
uno u otro tipo; y, por ultimo, las del entorno, que estaran mas influenciadas por el
ambiente de trabajo del lugar donde nos encontremos en cada momento y variaran en
funcion del club, de la filosofia del staff técnico, etc. Tous (2017) propone cambiar
la traduccion que se hace de constraints como «constrefiimiento» por el término
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«condicionante», que acota y configura mas que oprime y restringe. Por esa razon,
en esta tesis hablaremos de condicionantes y no de constrefiimientos. Asi, un
condicionante impuesto en una tarea deportiva actuara como una perturbacion del

sistema del deportista de manera individualizada.

Estos condicionantes se relacionan con las estructuras del deportista y a su vez con
los niveles de aproximaciéon deportiva. Asi, por ejemplo, si a un ejercicio le
incorporamos un balén como condicionante, este acentta la estructura coordinativa
a través del N3 o la Al1-3.

2.3. Lavariabilidad de movimiento humano

La variabilidad de movimiento humano puede ser definida como las variaciones
presentes en la ejecucion motriz y que puede ser observada a través de multiples
repeticiones de una tarea (Dias et al., 2014; Stergiou, Yu, & Kyvelidou, 2013). Esta
variabilidad es inherente en todos los sistemas bioldgicos y en las acciones humanas
(Aradjo, Davids, Bennett, Button, & Chapman, 2004; Stergiou, Harbourne, &
Cavanaugh, 2006). Bernstein (1967) introdujo el concepto de «repeticion sin
repeticion», pues cada accion motriz tiene un Unico y no repetible patrén neuromotor.
Aplicada al deporte, esta variabilidad representa la complejidad de un movimiento
dado, o puede representar simplemente una etapa temprana de aprendizaje motor o la
presencia de dificultades en la tarea (Newell & Vaillancourt, 2001). La variabilidad
de un deportista debe ser entendida y percibida durante la ejecucién de la tarea, dentro
de las variables del proceso (el posicionamiento angular de las articulaciones, la

aceleracion o la contraccion de los masculos, etc.) (Couceiro et al., 2014).

Los deportistas, especialmente en los deportes colectivos, deben realizar multitud de
movimientos en escenarios altamente complejos y cambiantes, y para eso es
necesario que durante los entrenamientos se enfrenten a propuestas de movimiento
con un nivel adecuado de variabilidad (Dias et al., 2014; Orth et al., 2017; Stergiou,
2016; Stergiou et al., 2006; Willey & Liu, 2017) de movimiento que los obligue a
buscar maneras de resolver esas situaciones y reducir progresivamente la variabilidad

de movimiento (Araujo et al., 2004).
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Muchos investigadores interpretan la variabilidad en las ciencias del deporte como
un mecanismo para que los atletas se adapten y estabilicen sus acciones ante los
condicionantes de las tareas (Couceiro, Dias, Mendes, & Aradjo, 2013). Al introducir
la variabilidad en las situaciones de entrenamiento, lo que se provoca es la pérdida
de control y de la capacidad de prediccion en la nueva situacion por parte del
deportista, lo cual generara una cierta cantidad de estrés y, en consecuencia, un estado
de alerta y de excitacion al tener que hallar nuevas reglas de control y prediccion
(Sapolsky, 2008).

La variabilidad de movimiento ha sido estudiada en su aplicacion a la salud (Carson
& Collins, 2014; Liu, Schmid, Meijer, Spruit, & Yentes, 2020; Sadnicka et al., 2018;
Sosnoff, Goldman, & Motl, 2010; Stergiou et al., 2013; Wilson, Perkin, McGuigan,
& Stokes, 2016), la marcha y la carrera (Lamoth, Ainsworth, Polomski, & Houdijk,
2010; Lamoth et al., 2011; Meardon, Hamill, & Derrick, 2011; A. Murray, Buttfield,
Simpkin, Sproule, & Turner, 2019; Rathleff, Samani, Olesen, Kersting, & Madeleine,
2011) y la biomecéanica (James, 2004), pero solo unos pocos estudios se han centrado
en estudiar su aplicacién al entrenamiento deportivo (Couceiro et al., 2013; Dias
et al., 2014; Folgado, Lemmink, Frencken, & Sampaio, 2012; Mukherjee & Yentes,
2018; Preatoni etal., 2013) y ninguno de ellos al entrenamiento de la fuerza en
deportes de equipo. Dado que responder a diferentes perturbaciones iniciadas a través
de diversas condiciones inestables aumenta la riqueza de la experiencia perceptual-
motora especifica de la tarea y, por lo tanto, mejora el rendimiento (Birklbauer, 2019;
Wulf & Shea, 2002), consideramos que entender la variabilidad de movimiento
durante el proceso de entrenamiento de la fuerza en los deportes de equipo puede ser
un factor clave para optimizar este entrenamiento. Asi, desde la perspectiva del
entrenamiento estructurado, serd a traves de los condicionantes en las tareas con
diferentes niveles de aproximacion deportiva donde se producirdn estas
perturbaciones en el entrenamiento de fuerza, buscando cambios en la variabilidad
de movimiento especialmente cuando queremos enfatizar sobre la estructura

coordinativa.
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Uno de los grandes retos es establecer cual es la variabilidad éptima de movimiento
para cada tarea una variabilidad de movimiento por debajo de la 6ptima en sistemas
biolégicos representara que son demasiado rigidos e inmutables mientras que una
variabilidad por encima de la Optima representard que son sistemas cadticos e
inestables (Stergiou et al., 2006). Ambas situaciones caracterizan los sistemas o las
tareas que son menos adaptables a las perturbaciones (Stergiou et al., 2006) y que,
por lo tanto, tendran un menor nivel de entrenabilidad (Weineck, 2005). Por ello
debemos centrarnos en encontrar cudles son las herramientas mas Optimas de
medicion del movimiento humano y qué tipo de analisis son los més apropiados para

establecer el nivel de variabilidad de movimiento en cada tarea y para cada deportista.

2.4. Lamonitorizacion del entrenamiento en deportes
de equipo

Monitorizar los movimientos realizados por los deportistas durante los
entrenamientos, incluidas las sesiones de fuerza, y competiciones oficiales ha sido un
tema estudiado y desarrollado por los cientificos del deporte desde hace afios
(Alvarez & Andrin, 2005; Reilly, 1976; Rienzi, Drust, Reilly, Carter, & Martin,
2000). Esto posibilita conocer las demandas fisicas de los deportistas y asi poder
intervenir a través de tareas de entrenamiento individualizadas (Barros et al., 2007;
Castellano & Casamichana, 2014; Di Salvo & Modonultti, 2009).

Para monitorizar el entrenamiento se han empleado multitud de dispositivos
tecnoldgicos (Casamichana & Castellano, 2011), algunos de los més utilizados han
sido el videoanalisis, las plataformas de fuerza, los encoders lineales, las galgas de
fuerza, los acelerometros o los sistemas de posicionamiento global (Global
Positioning System o GPS). En la actualidad, uno de los més utilizados y con mas
investigacion al respecto son los GPS (Dobson & Keogh, 2007), especialmente en
los deportes de equipo (Cummins, Orr, O’Connor, & West, 2013). Ademas, estos
dispositivos empleados en la monitorizacion del entrenamiento ofrecen muchos méas
datos a parte del GPS, por eso es mas preciso referirse a ellos como dispositivos de
microtecnologia, ya que son componentes con varios microsensores que, ademas de
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GPS, incorporan acelerdmetros, giroscopios y magnetémetros (Chambers, Gabbett,
Cole, & Beard, 2015). Estos diferentes sensores también registran a diferentes
frecuencias de muestreo, asi el GPS actualmente funciona en estos dispositivos en
torno a 10 o 15 Hz (Coutts & Duffield, 2010; R. J. Johnston, Watsford, Kelly, Pine,
& Spurrs, 2014; R. J. Johnston, Watsford, Pine, Spurrs, & Sporri, 2013; Varley,
Fairweather, & Aughey, 2012), mientras que otros sensores como el acelerometro
estan registrando a un minimo de 100 Hz en la mayoria de dispositivos del mercado
(McLean, Cummins, Conlan, Duthie, & Coutts, 2018), llegando algunos a una
frecuencia de muestreo de 1000 Hz, como es el caso de WIMU (Realtracksystem,
Almeria, Espafia), que es el que finalmente se ha usado para el registro de datos de
esta tesis doctoral. Esta mayor frecuencia de muestreo del acelerémetro con respecto
al GPS nos aportara datos mas precisos sobre el movimiento humano (Boyd, Ball, &
Aughey, 2013; K. Y. Chen & Bassett, 2005; McLean et al., 2018; Sato, Smith, &
Sands, 2009).

Este avance en la tecnologia y en las herramientas de medicién y monitorizacién del
entrenamiento nos permite, por lo tanto, ir un paso mas alla en la evaluacién del
entrenamiento. Uno de los retos de esta tesis doctoral fue poder utilizar estas
herramientas de medicion para cuantificar la estructura coordinativa, que solia estar

olvidada en el proceso de evaluacion de una manera objetiva.

Cuando nos referimos a ejercicios con bajos niveles de especificidad —NO y N1—
existen diversas herramientas de medicion como los encoders lineales, las galgas de
fuerza, las plataformas de fuerza, las apps moviles, etc. que permiten objetivar la
magnitud de algunas variables del ejercicio como la fuerza, la velocidad, el
desplazamiento, etc. (Balsalobre-Fernandez, Kuzdub, Poveda-Ortiz, & Campo-
Vecino, 2016; Balsalobre-Fernandez, Marchante, Mufioz-Lépez, & Jiménez, 2018;
Giroux, Rabita, Chollet, & Guilhem, 2014, 2015; Ogris et al., 2012; Pérez-Castilla,
Piepoli, Delgado-Garcia, Garrido-Blanca, & Garcia-Ramos, 2019; Tous-Fajardo,
Moras, et al., 2016; Weakley, Fernandez-Valdés, Thomas, Ramirez-Lopez, & Jones,
2019). En base a los resultados obtenidos, los entrenadores y/o preparadores fisicos

tomaban decisiones acerca de como proseguir con la carga de entrenamiento (Morin
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& Samozino, 2016; Pareja-Blanco, Rodriguez-Rosell, Sdnchez-Medina, Gorostiaga,
& Gonzalez-Badillo, 2014; Sanchez-Medina & Gonzalez-Badillo, 2011; Padullés en
Seirul-lo, 2017, Capitulo el control de la carga en los deportes de equipo; Weakley
et al., 2018; Weineck, 2005).

Por otro lado, para medir las tareas de N4 y N5 se utilizaban otras herramientas
tecnoldgicas como el andlisis de video. La irrupcion de la microtecnologia explicada

Herramientas de

monitorizacién NO | N1 4 N2 o N3 19 N4 9 NS

Encoder, plataforma fuerza, -}
e, Aops. i, (LITTF MMTTF WETTR (TTITH
Acelerometri ITTF BNTTF CECCTh MENNS OEDNh (TTTTR

Herramientas de IEBRUPACIC‘)N AGRUPACION I:GRUPACIC')N AGRUPACION

monitorizacion 1-3 2-3 | 1-4 _I 2-4 |

Encoder, plataforma fuerza, I]:']:I} .m | | |l
galga, Apps... .]I[l [
Acelerometri O CTTT7T ELTF I

ssensscsas [TTTF [LITF WETIF LTI

Figura 7. Niveles de aproximacion, agrupaciones y principales sistemas de monitorizacion.

El nivel de carga de la pila representa el grado de importancia de esas herramientas para

monitorizar ese nivel o agrupacion.

anteriormente abrio la posibilidad de cuantificar las demandas fisicas en juego
(Barros et al., 2007; Ben Abdelkrim, El Fazaa, & EI Ati, 2007; Buchheit et al., 2014;
Cummins et al., 2013; Goncalves et al., 2017; Read et al., 2018; Stojanovi¢ et al.,
2018; Vézquez-Guerrero, Fernandez-Valdés, Gongalves, & Sampaio, 2019;
Véazquez-Guerrero, Fernandez-Valdés, Jones, et al., 2019; Vazquez-Guerrero, Jones,
etal., 2019).
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El principal problema surge a la hora de medir los niveles intermedios —N2 y N3—
con un predominio de la estructura coordinativa, o las agrupaciones (Al-3, Al-2,

etc.).

Para monitorizar estos niveles intermedios no se disponia de la tecnologia adecuada
y de los algoritmos adecuados para procesar los datos. Por eso consideramos que era
fundamental seguir investigando para determinar los algoritmos y herramientas de
medicion mas adecuados para poder seguir un proceso de monitorizacion de estos

niveles (Figura 7).

Estos dispositivos de microtecnologia disponen de acelerémetros con capacidad de
registro de hasta 1000 Hz. Esta frecuencia de muestreo es suficiente para utilizar
técnicas no lineales como la entropia para analizar las series temporales de
aceleracion aunque sean ejercicios de pocos segundos de duracion como los

seleccionados para los estudios de esta tesis —de 4 a 30 s— (Yentes et al., 2013).
2.4.1. Métodos lineales vs. métodos no lineales

Desde una perspectiva de evaluacion, las oscilaciones del movimiento humano se
pueden evaluar como cualquier otra serie temporal (Couceiro et al., 2014). Una serie
temporal es una lista de nimeros que miden un proceso secuencialmente en el tiempo
(Stergiou, 2016). Las series temporales fruto de sefiales fisiologicas presentan
fluctuaciones no lineales y, por lo tanto, realizar un anélisis estadistico mediante
técnicas lineales nos dard como resultado una informacion parcial del movimiento
humano (Orellana & Torres, 2010). La teoria del caos y de los sistemas dindmicos
presentan técnicas de analisis no lineales que se ajustan a las caracteristicas de las
sefiales biolégicas y que complementan la informacion obtenida a través de
ecuaciones no lineales. Una de las ecuaciones de calculo no lineal es la entropia, a la
cual se le dedicara un apartado entero posteriormente para su mejor comprension, ya
gue ha sido la escogida para analizar la variabilidad de movimiento en esta tesis
doctoral. Estas técnicas no lineales proporcionan informacion cuantitativa y
cualitativa sobre el comportamiento del sistema motor mediante el seguimiento de

los patrones de movimiento humano (Katz, 1988; Orellana & Torres, 2010). La
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perspectiva no lineal respalda que «integrar el caos» en el proceso de entrenamiento
puede ser necesario para establecer nuevos patrones de movimiento humano
(Goldberger, Peng, & Lipsitz, 2002). Solo unos pocos estudios (Couceiro et al., 2014,
2013; Dias et al., 2014; Diener, Bootz, Dichgans, & Bruzek, 1983) han analizado los
movimientos deportivos desde una perspectiva no lineal utilizando herramientas
como la entropia. Este reciente uso de medidas no lineales en los deportes ha
fomentado la evaluacién no solo de la magnitud de la variabilidad humana, sino
también de su estructura temporal, lo que permite describir como el sistema de control
neuromuscular responde a las perturbaciones (Dingwell & Marin, 2006; England &
Granata, 2007). Asi, las condiciones complejas no se pueden describir utilizando solo
herramientas lineales (Stergiou, 2016; Stergiou, Buzzi, Kurz, & Heidel, 2004). De
hecho, seglin Stergiou et al. (2004), estas pueden incluso «ocultar» la verdadera

estructura de la variabilidad de movimiento humano.
2.4.2. Laentropia

El concepto de entropia fue desarrollado en la termodindmica clésica en la obra de
Carnot (1824) sobre el trabajo mecénico de los motores a vapor. Y fue introducido
en el vocabulario de la termodindmica por Clausius (1986). Hay multitud de
algoritmos diferentes para calcular la entropia en funcion de su campo de
aplicabilidad, por eso haremos una breve introduccion del concepto desde sus
origenes hasta los algoritmos de entropia mas utilizados para el andlisis de series

temporales aplicados al deporte o la actividad fisica.

En la termodindmica clasica la entropia cuantifica la energia de un sistema que no
puede ser utilizada para realizar trabajo. Posteriormente, Boltzmann (1896),
introdujo el concepto de entropia en la estadistica termodinamica como un concepto
probabilistico para describir una escala molecular. Asi, la entropia introducida por
Boltzmann ya se asocia a la variable de la probabilidad de que un determinado estado
ocurra dentro de un sistema, asociandose el concepto de entropia al de desorden
molecular. De ahi la segunda ley de la termodinamica, que defiende que la cantidad
de entropia del universo tiende a incrementarse con el tiempo. Posteriormente, el

concepto de entropia se ha ido extendiendo a otros campos, como por ejemplo el de
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la teoria de la informacién, donde se busca a través de la aplicacion de la entropia
poder predecir qué probabilidad hay de que un proceso vuelva a repetirse, donde un
valor bajo de entropia significara que es probable que suceda con un patrén similar
mientras que altos niveles de entropia haran impredecibles los siguientes pasos,
relaciondndose asi también con el concepto de incerteza. Shannon (1948) fue quien
aplico la entropia a la teoria de la informacion y por eso también se conoce esa

variable de la entropia como la Shannon entropy.

Sin embargo, dentro del calculo de entropia de una serie temporal, las méas utilizadas
son la entropia aproximada (ApEn) introducida por Pincus (1991), la entropia
muestral (SampEn) introducida por Richmann y Moorman (2000) y la entropia
multiescala (MSE) introducida por Madalena Costa y colaboradores (2002), las
cuales buscan corregir algunos defectos de la primera cuando se aplica a sefiales
bioldgicas. Todas ellas se interpretan de la misma manera, una serie temporal que
tenga muchos patrones repetitivos dard valores bajos de entropia mientras que si
presenta una estructura poco regular y menos predecible nos dara valores altos de
entropia (Costa et al., 2002; Steve Pincus, 1995; Richman & Moorman, 2000). En el
contexto de la aplicabilidad del andlisis de entropia a una serie temporal como puede
ser la obtenida mediante la monitorizacion de un movimiento humano, dara la
posibilidad de cuantificar la predictibilidad de una sefial, entendiendo como mas
regular y predecibles aquellas sefiales con bajos valores de entropia y como mas
impredecibles los valores elevados (Yentes et al., 2013). Por lo tanto, el uso de
herramientas no lineales como la entropia puede ser una buena alternativa para
explorar la naturaleza del movimiento humano y su relacion con el desarrollo
coordinativo (Preatoni etal., 2013). A continuacion, se describe de manera méas

detallada cada una de estas tres entropias.
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2.4.2.1. Entropia aproximada (ApEn)

La entropia aproximada (ApEn) fue introducida por Pincus (1991) como una
herramienta para cuantificar la regularidad de una serie temporal, analizando si
existen patrones repetitivos dentro de la serie (Fonseca, Milho, Passos, Araujo, &
Davids, 2012; S Pincus, 1995; S Pincus & Goldberger, 1994).

El célculo detallado de la ApEn lo podemos encontra en Pincus (1991) y Richman &

Moorman (2000), pero a continuacion mostramos la formula:

1) Forma un vector m, X(1) hasta X(N-m+1) definido como:

X)) =[x, x(@(+1),...X(+m-1)] i=1,N-m+1 (D
2) Defineporcadai,i=1,N—m+ 1.
cm(i) = L(l) where V™(i) = no.of d[X(i),X(j)]
N—m+i
<r 2)
3) Dado el logaritmo natural de (i), y la media de cada i definida en el paso
2.
~ 1 N-m+1 o
o) = g Z In(cr () 3

4) Incrementa la dimension de m+1y se repite el paso 1y 3.

5) Se calcula la ApEn:
ApEn(m,r,N) = ¢™(r) — ¢™*1(r) 4

2.4.2.2.  Entropia muestral (SampEn)

La SampEn fue introducida por Richmann y Moorman (2000) con el objetivo de
mejorar y corregir algunos errores de la ApEn. Mediante el calculo de la ApEn se
descubre que puede existir un sesgo, pues al comparar cada patrén consigo mismo
puede parecer que hay mas regularidad de la que realmente existe. Asi, SampEn es el
negativo del logaritmo natural de la probabilidad condicional de que dos patrones
similares de m puntos permanezcan semejantes si incrementamos el nimero de

puntos a m+1.
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El célculo detallado de la SampEn lo podemos encontrar en Richman & Moorman

(2000) pero a continuacién mostramos la formula:

1) Al igual que haciamos en la ApEn, lo primero de todo formamos un vector
m, X(1) hasta X(N-m+1) definido como:
X@) =[x(),x(i+1),..X(+m—-1)] i=1,N-m+1 (D

2) Definimos para cada I, por i=1, N-m

1
B{n(’f‘) = N——m-l-lx Tl0.0f dm[X(l),X(])] <r i :,t] (5)

3) De manera parecida, definimos para cada I, por i=1, N-m

AP =y X no-of dpa X, X(DI <1, i#) (6

4) Después definimos:

N-m
1
Bm(r) = —— > BI'() @
i=1
N-m
Ay == > AT ®)

5) Finalmente se calcula SampEn:

©)

A™(r)
SampEn(m,r,N) = —ln( )

B™(r)
2.4.2.3. Entropia multiescala (MSE)

Por ultimo, Madalena Costa y colaboradores (2002) introdujeron la MSE con el
objetivo de relacionar el céalculo de SampEn con diferentes escalas temporales. Asi,
para una escala temporal igual a 1, tendremos la serie original; para una escala 2, la
nueva serie estard formada por el promedio de los elementos tomados de dos en dos,
y asi con cada escala. Finalmente, calculamos la SampEn para cada una de las nuevas
series generadas y, mediante la representacion de los valores obtenidos frente al
factor de escala, podremos observar la dependencia de la entropia con la escala de

tiempo.
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3. Objetivos de la tesis

3.1. Objetivo general

Analizar la variabilidad de movimiento en ejercicios de fuerza con diferentes niveles

de especificidad deportiva mediante técnicas no lineales en deportes de equipo.

3.2. Objetivos especificos

Prueba piloto

Establecer las diferencias en el andlisis de entropia ante un mismo ejercicio registrado
con dos sensores de microtecnologia diferentes con sendos acelerometros —
registrando a 100 Hz y a 1000 Hz, respectivamente— para determinar la influencia

que la frecuencia de muestreo tiene sobre el valor de la entropia.
Estudio 1

Identificar las diferencias en la aceleracion durante una tarea de resistencia horizontal
hacia delante y hacia atrés sin (N1) o con la restriccion de atrapar y lanzar una pelota

de rugby en el movimiento hacia delante (A1-3).
Estudio 2

Identificar las diferencias entre posiciones (delanteros y backs) en la variabilidad de
movimiento en una tarea de placajes acumulados (N3) durante los roles de ataque y

defensa.
Estudio 3

Identificar los cambios en la variabilidad de movimiento, el indice de complejidad y
la velocidad de movimiento con el entrenamiento en una tarea de resistencia
horizontal hacia delante y hacia atras sin (N1) o con la restriccion de atrapar y lanzar
una pelota de rugby en el movimiento hacia delante (A1-3) durante un programa de

entrenamiento de seis semanas.

59






4. METODOS

61






4. Métodos

La parte experimental de esta tesis consta de una prueba piloto y tres estudios.
Durante la prueba piloto se registré el placaje de rugby con dos dispositivos de
microtecnologia que utilizan frecuencias de muestreo diferentes (1000 vs 100 Hz),
con el proposito de calcular la entropia de ambas series temporales con el objetivo de
saber si ambos sensores eran adecuados para la toma de datos en los estudios de esta
tesis. Posteriormente, se analizo la diferencia en la variabilidad de movimiento ante
dos ejercicios con diferentes niveles de aproximacion deportiva (N1 vs. Al-3)
(Estudio 1). Después se analizo la variabilidad de movimiento en tareas de fuerza con
predominio de la estructura coordinativa (N3) y la diferencia en base a la posicion
especifica de juego de cada jugador (Estudio 2). Finalmente, se analizé la evolucion
de la variabilidad de movimiento en los ejercicios de N1y la A1-3 durante 6 semanas
a través de la entropia y su relacion con la evolucion de la velocidad de ejecucién,
con el objetivo de analizar la influencia que puede tener en la estructura condicional

y bioenergética y la estructura coordinativa (Estudio 3).

4.1. Esquema de la metodologia

A continuacion, se realiza un resumen de los métodos conjuntos utilizados en los
diferentes estudios de la tesis. Pese a que dentro del Capitulo 5 cada uno de ellos tiene
su descripcion metodoldgica mas desarrollada, este esquema ofrece una vision global

a nivel metodoldgico de toda la tesis.
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Tabla 1. Esquema sobre la metodologia empleada durante todos los estudios de la tesis.

Esquema Tesis

Prueba piloto

Estudio 1

Estudio 2

Estudio 3

Analizar la

Aayf Comparar valores de ApEny Comparar la variabilidad de P Comparar variabilidad de movimiento entre un
Objetivo X =Y bl A variabilidad de  aed -
| SampEn ante un mismo ejercicio | | movimiento entre un ejercicio de movimiento en un ejercicio de N1y Al1-3 tras un periodo de
genera registrado a 100 vs 1000Hz N1y Al1-3 ejercicio de N3 entrenamiento
Disefio Transversal Transversal Transversal Longitudinal (6 semanas)
11 jugadores élite
- 12 Jugadores élite de Ruby U19 de Rugby 11 Jugadores élite de Ruby Union de la Liga
Muestra 12 Jugadores €lite de Ruby Unidn de la Liga espafiola League de espafiola
Inglaterra
f . . Aceleracion media ( )
F Aceleracion media - < SampEn
Var!able ApEn Pico de aceleracion SampEn Indicie de complejidad
lizad SampEn ¢ plejida
analizada SampEn MSE Velocidad de ejecucion
- wiMU Catapult 100 wiMU WIMU Encoder
Material 1000Hz Hz 1000Hz Eccoteck WIMU 1000Hz 1000Hz Eccoteck rotacional




4. Métodos

4.2. Participantes

Un reto importante que nos planteamos antes de empezar esta tesis fue intentar
realizar todos los estudios con deportistas de élite. Ademas, escogimos deportes con
exigencias coordinativas similares, pero con perfiles condicionales diferentes como

son el rugby union y el rugby league (Cross et al., 2015; Harper et al., 2019).

Finalmente, se han podido realizar 3 estudios con jugadores de élite, el primero y el
tercero con jugadores sénior de élite de rugby union de dos clubs diferentes de
Primera Division espafiola y el segundo con jugadores de élite sub-19 de rugby league

de maximo nivel de Inglaterra.
4.2.1. Estudio 1

En el primer estudio participaron 12 jugadores de élite que competian en ese
momento en dos clubs diferentes de méaximo nivel espafiol, el FC Barcelona Rugby
y la Uni6é Esportiva Santboiana. Los datos se registraron durante la temporada
2016/2017. Los jugadores presentaban las siguientes caracteristicas expresadas en
media * desviacion estandar: una edad de 25.6 + 3.0 afios; 1.82 + 0.07 m de altura 'y
un peso de 94.0 + 9.9 kg. Los procedimientos se registraron siguiendo la Declaracién
de Helsinki (2013) y fueron aprobados por el Comité de Etica Local de la Generalitat
(11/2015/CEICEGC).

4.2.2. Estudio 2

El segundo estudio se realizd durante la estancia investigadora que el autor de esta
tesis realizé en la Leeds Beckett University en el afio 2018, y se realiz6 con los
jugadores del equipo sub-19 de rugby league de los Leeds Rhinos, equipo que en el
momento de la recogida de datos era el vigente campedn de la maxima categoria de
la Liga inglesa, tanto a nivel sub-19 como a nivel sénior. Participaron 11 jugadores
que presentaban las siguientes caracteristicas expresadas en media + desviacion

estandar: una edad de 18.5 + 0.5 afios; 1.79 + 0.05 metros de altura y un peso de 88.3
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+ 13 kg. Los procedimientos se registraron siguiendo la Declaracion de Helsinki
(2013) y fueron aprobados por el Comité de Etica de Investigacion de la Leeds

Beckett University.
4.2.3. Estudio 3

El tercer y Gltimo estudio se realizé también con jugadores de élite de rugby union
del méximo nivel espafiol. En este caso, participaron solo jugadores del FC Barcelona
Rugby para facilitar la toma de datos durante 6 semanas de entrenamiento. Los datos
fueron tomados durante la temporada 2017/2018. Se escogieron jugadores que no
hubieran participado en el Estudio 1 para asegurar que no tenian experiencia previa
en los ejercicios propuestos. El estudio comenzo6 registrando 18 jugadores, pero
debido a lesiones, molestias post partido u otro tipo de circunstancias, solo 11
jugadores pudieron realizar los ejercicios con su correspondiente registro durante las
6 semanas seguidas. Estos 11 jugadores presentaban las siguientes caracteristicas
expresadas en media + desviacion estandar: una edad de 25.5 + 2.0 afios; 1.83 +0.06
m de altura y un peso de 95.0 + 18 kg. Los procedimientos se registraron siguiendo
la Declaracion de Helsinki (2013) y fueron aprobados por el Comité de Etica Local
de la Generalitat (21/2018/CEICEGC).

4.3. Material

4.3.1. Prueba piloto:

Se utilizaron dos marcas diferentes de dispositivos de microtecnologia, por un lado
un Optimeye S5 (Catapult Innovations, Melbourne, Australia) con un acelerémetro
triaxial incorporado (registro a 100 Hz) que mide las aceleraciones en fuerzas
gravitacionales (g) en los tres planos (x,y,z) del movimiento (anteroposterior, vertical
y mediolateral). Por otro lado, se utilizé un dispositivo WIMU (RealtrackSystems,
Almeria, Espafia) con un acelerémetro triaxial incorporado (registro a 1000 Hz) que
también mide las aceleraciones en fuerzas gravitacionales (g) en los tres planos del

movimiento.
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4. Métodos

llustracion 1. Dispositivos de microtecnologia, a la izquierda el Optimeye S5
(Catapult) y a la derecha el WIMU (RealtrackSystems).

4.3.2. Estudio 1

Para el entrenamiento de fuerza en la tarea de desplazamiento horizontal hacia delante
y hacia atras se utiliz6 como resistencia externa una maquina de resistencia rotacional
inercial Ecootek (Byomedic System SCP, Barcelona, Espafia), que consiste en un
cono de metal apoyado sobre una base circular (didmetro 0,42 m) con 16 pesos sobre
la base de 420 gramos cada uno. Una cuerda, anclada en la parte superior del cono,
gira alrededor de este, desenrollandose durante la fase concéntrica para generar una
energia cinética que debe ser frenada al enrollarse de nuevo la cuerda durante la fase
excéntrica (Vicens-Bordas, Esteve, Fort-Vanmeerhaeghe, Bandholm, & Thorborg,
2018b). Gracias a su disefio, la direccion de traccion de la cuerda puede aplicarse
libremente en cualquiera de las tres dimensiones, permitiendo asi la posibilidad de
ejecutar movimientos mas complejos y especificos (Romero & Tous, 2011). La
Eccotek presenta la opcion de cambiar la relacion fuerza-velocidad mediante la
modificacion de la posicion de la pequefia polea que transmite la fuerza desde el cono
al ejecutante, permitiendo trabajar a 4 alturas diferentes del cono. Empleando un
principio similar al de los cambios de una bicicleta, los niveles de fuerza a desarrollar
seran mayores cuando la polea se sitle en posiciones mas altas y, por lo tanto, la
cuerda se enrolle en la parte mas estrecha del cono. Por el contrario, al colocar la
polea transmisora mas baja, donde el cono es mas ancho, se podran desarrollar
mayores niveles de velocidad (Romero & Tous, 2011). Ademas, para cambiar el

momento de inercia podemos agregar o quitar alguno de los 16 pesos situados al
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borde de la base circular. Para este estudio se seleccionaron la posicion mas estrecha
y los 16 pesos, para generar los niveles mas altos de fuerza media (Vazquez-Guerrero,
Moras, Baeza, Rodriguez-Jiménez, etal., 2016). EI momento de inercia para el
dispositivo fue de 0.27 kg - m%

llustracion 2. Polea conica Eccotek (Byomedic System)

Para monitorizar el movimiento de los deportistas se utilizd de nuevo el dispositivo
de microtecnologia WIMU (RealtrackSystems, Espafia) cuyas caracteristicas se han

explicado en el apartado de la prueba piloto.
4.3.3. Estudio 2

En este caso, dado que se trataba de un entrenamiento de fuerza correspondiente a un
ejercicio de N3, no se utilizd ninguna resistencia externa artificial y los placajes se
realizaron cuerpo a cuerpo. Para monitorizar el movimiento de los jugadores durante
los placajes se utiliz6 de nuevo el dispositivo de microtecnologia WIMU

(RealtrackSystems, Espafia).
4.3.4. Estudio 3

En el dltimo estudio se utilizé de nuevo la maquina de resistencia rotacional inercial
Eccotek (Byomedic System SCP, Barcelona, Espafia) para generar la resistencia
externa de ambos ejercicios, N1y Al-3. Esta vez, para registrar el movimiento de los

jugadores se utiliz6 por un lado un dispositivo de microtecnologia WIMU
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4. Métodos

(RealtrackSystems, Espafia) donde registrar las aceleraciones para posteriormente
calcular la variabilidad de movimiento y, por otro, la velocidad de ejecucion a través
de un encoder rotacional (Chronojump, Barcelona, Espafia) instalado sobre el eje de
rotacion de la Eccotek.

En el dltimo estudio se utilizé de nuevo la maquina de resistencia rotacional inercial
Eccotek (Byomedic System SCP, Barcelona, Espafia) para generar la resistencia
externa de ambos ejercicios, N1y Al-3. Esta vez, para registrar el movimiento de los
jugadores se utiliz6 por un lado un dispositivo de microtecnologia WIMU
(RealtrackSystems, Espafia) donde registrar las aceleraciones para posteriormente
calcular la variabilidad de movimiento y, por otro, la velocidad de ejecucion a través
de un encoder rotacional (Chronojump, Barcelona, Espafia) instalado sobre el eje de

rotacion de la Eccotek.

Ilustracién 3. Encoder rotacional (Chronojump) que se sitda en el eje de la polea conica.

4.4. Analisis de los datos

Para el andlisis de los datos se ha empleado una combinacién de diferentes
programas, partiendo de los software packages especificos de cada herramienta de
medicion donde se realizaba un primer andlisis visual de la sefial para comprobar su
nitidez, se aplicaban los cortes por repeticiones y posteriormente se exportaban a

Excel para finalmente realizar los calculos a través de Matlab (Figura 8).
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Los diferentes softwares especificos vinculados a los distintos dispositivos de

medicion empleados durante la tesis y descritos anteriormente son:

e Openfield (Catapult Innovations, Melbourne, Australia) para el dispositivo
multisensor de microtecnologia Optimeye S5.

e Spro WIMU (RealtrackSystems, Almeria, Espafia) para el dispositivo
multisensor de microtecnologia WIMU.

e Chronojump (Chronojump, Barcelona, Espafia) para el encoder rotacional.

EXCEL

OPENFIELD
SPRO 2 MATLAB
CHRONOJUMP

Figura 8. Esquema sobre el proceso de anélisis de datos.
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4. Métodos

4.5. Analisis estadistico

El analisis estadistico empleado tanto para la prueba piloto como para el resto de los

estudios estd ampliamente explicado en cada uno de los estudios de esta tesis. Sin

embargo, en la Tabla 2 se presenta un resumen con los principales métodos utilizados.

Tabla 2. Resumen del andlisis estadistico de la tesis.

Analisis estadistico

N ' 4
Prueba piloto Estudio 1 Estudio 2 Estudio 3
S\ v, N
4 N N N
Sesgo medio Mann-Whitney Mode_lo lineal ANOVA
= mixto
/O AN AN
N N N
EITOI: tlpu.:fJ de Magnitud Base T test Tamaiio del efecto
estimacion Inference
;- J AN AN
Estadistica S X <
C.on‘elagon de Tamafio del efecto Tamafio del efecto
Pearson
/. /. vy
T test
. vy

71







5. ESTUDIOS

73






5. Estudios

5.1. Prueba Piloto: Comparacion de los valores de
aceleracion media y entropia ante un mismo
ejercicio registrado con dos acelerémetros con

frecuencias de muestreo diferentes.
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Justificacion de la prueba piloto

Al plantear el proyecto de esta tesis doctoral, una de las primeras dudas que nos surgia
antes de empezar a utilizar herramientas de analisis no lineal era qué frecuencia de
muestreo minima debiamos utilizar. Pese a que la literatura cientifica nos decia que
la SampEn a partir de los 1000 datos en el total de una serie temporal podia ser robusta
(Yentes et al., 2013), no dejaba claro cual era el minimo de datos por segundo para
registrar un movimiento humano. Dado que nuestro objetivo era registrar ejercicios
de corta duracion y con caracter explosivo, intuiamos que las frecuencias de muestreo
deberian ser altas para poder cumplir con el teorema de muestreo de Nyquist-

Shannon.

Los dispositivos de microtecnologia estan compuestos por maltiples sensores como
GPS, acelerémetros, giroscopios, magnetometros, etc. (Gabbett, 2013; MacLeod,
Hagan, Egana, Davis, & Drake, 2018; McLean et al., 2018). De todos estos sensores,
los acelerémetros son los que mayor posibilidad de frecuencia de muestreo nos
aportan y ademas, a diferencia del GPS, permiten tomar registros en zonas interiores
0 cubiertas (McLean et al., 2018).

Una vez decidido que en los estudios de la tesis utilizariamos el acelerometro del
sensor, empezamos a hacer una revisién de la literatura cientifica en torno a la
utilizacion de estos dispositivos en el entrenamiento deportivo. En cuanto a la
frecuencia de muestreo, encontramos que la mayoria de estos sensores podian
registrar a un maximo de 100 Hz (MclLean etal.,, 2018), pero que también
disponiamos de tecnologia preparada para registrar hasta 1000 Hz, como es el caso
del sensor de WIMU (Realtracksystem, Espafia). Por lo tanto, el siguiente paso fue
comprobar como afectaba al célculo de la entropia al realizar un mismo ejercicio
registrado al mismo tiempo con dos dispositivos diferentes que registraban a 100 Hz
(Catapult) y a 1000 Hz (WIMU).

76



5. Estudios

Asi, el objetivo de esta prueba piloto fue comprobar si los acelerdmetros de dos
sensores con frecuencias de muestreo de 100 y 1000 Hz eran vélidos para evaluar las
tareas de fuerza de corta duracion seleccionadas en los estudios de esta tesis.

Material y métodos

Participantes

Participaron 12 sujetos sanos, fisicamente activos y jugadores de rugby de élite
(media £ SD: edad 20.6 + 3.0 afios, altura 1.80 + 0.09 m, peso 92.0 + 9.7 kg).

Material

Se utilizaron dos marcas diferentes de dispositivos de microtecnologia, por un lado
un Optimeye S5 (Catapult Innovations, Melbourne, Australia) con un acelerdmetro
triaxial incorporado que registra a un maximo de100 Hzy que mide las aceleraciones
en fuerzas gravitacionales (g) en los tres planos (x, y, z) del movimiento
(anteroposterior, vertical y mediolateral). Por otro lado, se utilizd un dispositivo
WIMU (RealtrackSystems, Almeria, Espafia) con un acelerometro triaxial
incorporado que puede registrar a un maximo de 1000 Hz y que también mide las

aceleraciones en fuerzas gravitacionales (g) en los tres planos del movimiento.
Procedimiento

Los participantes realizaron un total de 200 placajes, y se registraron tanto los
placajes de ataque como los defensivos. Los dispositivos se colocaron de manera
conjunta dentro del chaleco de licra que proporciona la marca de los dispositivos
seleccionando la talla mas adecuada para cada deportista. La utilizacion correcta de
la talla en cada deportista reduce los artefactos por el movimiento del tejido y la
sobreestimacion del pico de aceleracion (Edwards, White, Humphreys, Robergs, &
O’Dwyer, 2019; McLean et al., 2018) El orden de los dispositivos dentro del chaleco

se intercambi¢ a la mitad del protocolo.
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Analisis de los datos

Se obtuvo la sefial cruda de ambos dispositivos y se calculd la aceleracion total (at)
usando la suma de vectores en tres dimensiones: mediolateral (x), anteroposterior (y)
y vertical (z). La sefial (at) se corté separando cada colision, obteniendo 200 sefiales
para cada dispositivo. Se calcularon la aceleracion media, la entropia aproximada
(ApEn) y la entropia muestral (SampEn) para cada sefial. El calculo de la entropia se
realiz6 de acuerdo con Goldberger et al (2000) y mediante rutinas dedicadas
programadas en Matlab® (The MathWorks, Massachussets, USA).

Analisis estadistico

La comparativa entre ambos dispositivos se hizo utilizando la hoja de Excel (Will
Hopkins, 2017) disefiada para calcular el sesgo medio, el error tipico de la estimacién
(TEE) y la correlacion de Pearson, todo al 90 % de intervalo de confianza. La
estandarizacion del sesgo medio fue interpretada como trivial (<0.19), pequefia (0.2-
0.59), mediana (0.6-1.19) o grande (1.2-1.99) (Will Hopkins, 2017). La
estandarizacion del error tipico de la estimacion fue interpretada como trivial (<0.1),
pequefia (0.1-0.29), moderada (0.3-0.59) o grande (>0.59). Y la magnitud de la
correlacién, como trivial (<0.1), pequefia (0.1-0.29), moderada (0.3-0.49), grande
(0.5-0.69), muy grande (0.7-0.89) o casi perfecta (0.9-0.99) (Will Hopkins, 2017).

También se realiz6 una prueba T de muestras relacionadas para cada una de las tres
variables analizadas (aceleracion media, SampEn y ApEn). El nivel de significancia

se fij6 en p < 0,05.
Resultados

Se encontrd un sesgo medio para los valores de aceleracion media cuando se
comparaban los datos obtenidos a 100 Hz contra 1000 Hz, asi como un error tipico
de estimacion grande y una correlacion muy grande. En cambio, para los valores de
entropia, se encontré un sesgo medio y un error tipico de estimacion grande para
ambas entropias (SampEn y ApEn) y una correlacion muy grande para la SampEn y

grande para ApEn. Estos datos se muestran de manera resumida en la Tabla 3.
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5. Estudios

Tabla 3. Valores medios + desviacidn estandar de las tres variables (aceleracién media,

SampEn y ApEn) presentes en la segunday tercera columna * p < 0,05. Las tres ultimas

columnas, muestran el valor y el 90 % de intervalo de confianza del sesgo medio, TEE

y la correlacion.

Acelerometro  Acelerémetro

Variable 1000 Hz 100 Hz Sesgo medio TEE Correlacion
Aceleracion 1000 Hz 100 Hz* 0.85[0.7820.92] 0.62[0.54a0.71] 0.85[0.82a0.88]
media 144+0.109g 1.00£0.10g (moderado) (grande) (muy grande)
SampEn 1000 Hz 100 Hz* 6.42[5.93a7.000 1.00[0.85a1.19] 0.71[0.64a0.76]

P 0.08 +£0.02 ua 0.56 +0.13 ua (grande) (grande) (muy grande)
ADEN 1000 Hz 100 Hz* 291[269a3.17] 165[1.34a2.11] 0.52[0.43a0.60]
P 0.15+0.03 ua 0.67 £ 0.09 ua (grande) (grande) (grande)

A continuacion, en la Figura 9 se muestran las correlaciones y las ecuaciones de la

recta de regresion de la aceleracion media, la SampEn y la ApEn entre los dos

dispositivos.
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Figura 9. Correlacidn entre dispositivos para las variables analizadas (Aceleracion
media, SampEn y ApEn).
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En la Figura 10, se presentan las sefiales crudas de un placaje elegido de manera
aleatoria entre las 200 sefiales obtenidas, donde se puede observar la sefial del mismo
ejercicio registrada con ambos acelerometros, una superpuesta a la otra. En negro
vemos la sefial registrada por el dispositivo WIMU (1000 Hz) y en rojo la del
dispositivo Catapult (100 Hz).

Como se puede observar en la imagen, ambas sefiales a simple vista pueden parecer
muy similares, sin embargo, existen diferencias tanto para los valores de aceleracion
media como para los valores de entropia. Para observar mejor graficamente estas
diferencias debemos representar solamente los puntos correspondientes a todas las
mediciones realizadas y aplicar un zoom recogiendo al menos 2 de los 3 principales

picos producidos durante el movimiento (Figura 11).
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Figura 10. Sefial cruda de un placaje registrada por ambos dispositivos. Linea negra
WIMU (1000 Hz), linea roja Catapult (100 Hz).
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En este caso vemos cdmo claramente la sefial registrada a 100 Hz es mucho mas
caotica e irregular, lo cual explicaria las diferencias obtenidas en entropia siendo los
valores més altos cuando registramos a 100 Hz. Ademas, en la imagen del zoom
también podemos observar como claramente el registro a 100 Hz no permite una
reconstruccion adecuada de la sefial, afectando, sobre todo, al registro de los picos de

aceleracion que se producen en el momento del contacto en los placajes.
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Figura 11. Sefial cruda punto a punto de registro de un placaje por ambos dispositivos.
Puntos negros WIMU (1000 Hz), puntos rojos Catapult (100 Hz). a) Sefiales de un

placaje completo; b) Zoom de uno de los picos de la sefia.
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Discusion y Conclusiones

La frecuencia de muestreo de una sefial de aceleracion a 100 Hz no es adecuada para
analizar la variabilidad de movimiento en acciones explosivas como los placajes. Por
esta razén se estimd oportuno utilizar en los estudios de esta tesis doctoral una

frecuencia de muestreo en la sefial de aceleracion de 1000 Hz.

Antes de empezar esta prueba piloto no encontramos estudios que compararan los
resultados obtenidos al analizar la variabilidad de movimiento a través de la sefial de
aceleracion a diferentes frecuencias de muestreo. Pero recientemente Raffalt y
colaboradores (2019) han publicado un estudio en el que comparan los valores de
entropia obtenidos ante un mismo ejercicio registrado al mismo tiempo con diferentes
frecuencias de muestreo. En este caso, la sefial sobre la cual aplican el célculo de
entropia es una sefial de video registrada a 120, 240, y 480 Hz. Los resultados de este
estudio coinciden con los resultados obtenidos en nuestra prueba piloto, donde
claramente a mayor frecuencia de muestreo méas bajos son los valores de entropia y
se encuentran diferencias entre los valores de entropia calculados a partir de
diferentes frecuencias de muestreo. Posiblemente esto se deba a que una menor
disposicion de puntos de la serie temporal por unidad de tiempo la convierte en menos
predictible y, por lo tanto, los valores de entropia tienden a ser mas elevados (Figura
11).

Pese a que estos valores positivos en la correlacion nos puedan hacer pensar en una
posible relacion del comportamiento al menos en cuanto al aumento o disminucién
de la entropia tomada a dos frecuencias de muestreo diversas, los altos valores en los
errores de sesgo y estimacion dejan claro el error que se derivara en cuanto a los

valores absolutos.

Por lo tanto, no podemos cerrar la puerta al uso de una frecuencia de muestreo
concreta, pero si ser cautos en la interpretacion de las mismas en base a la duracion
del ejercicio y la frecuencia de muestreo empleada. Dependera de las caracteristicas

espacio-temporales del movimiento de cada tarea y de la duracion de las mismas.
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Ademas, serd importante no modificar la frecuencia de muestreo dentro de un mismo
ejercicio si queremos hacer comparativas entre los mismos. Cabe destacar que esto
es especialmente importante en ejercicios de corta duracion como son las acciones
explosivas. En estas acciones, no solamente cambian los valores de entropia, sino que
también se modifican sustancialmente los valores de aceleracién media, dado que el
registro a 100 Hz no recoge todos los picos del movimiento, que por otra parte son

los que més nos pueden interesar para el control de la carga en este tipo de ejercicios.

En conclusién, dadas las caracteristicas temporales de las tareas de fuerza en los
deportes de equipo, 1000 Hz sera una frecuencia adecuada para registrar los ejercicios
cortos y explosivos, y por lo tanto serd la frecuencia empleada durante todos los

estudios de la tesis.
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5.2. Estudio 1: Entropy measures detect increased
movement variability in resistance training when

elite rugby players use the ball.

*Este estudio es una versién editada de: Moras, G., Fernandez-
Valdés, B., Vazquez-Guerrero, J., Tous-Fajardo, J., Exel, J., &
Sampaio, J. (2018). Entropy measures detect increased
movement variability in resistance training when elite rugby
players use the ball. Journal of science and medicine in sport,
21(12), 1286-1292.




Abstract

Objectives: This study described the variability in acceleration during a resistance
training task, performed in horizontal inertial flywheels without (NOBALL) or with
the constraint of catching and throwing a rugby ball (BALL). Design and Methods:
Twelve elite rugby players (mean £ SD: age 25.6 + 3.0 years, height 1.82 £ 0.07 m,
weight 94.0 £ 9.9 kg) performed a resistance training task in both conditions
(NOBALL AND BALL). Players had five minutes of a standardized warm-up,
followed by two series of six repetitions of both conditions: at the first three
repetitions the intensity was progressively increased while the last three were
performed at maximal voluntary effort. Thereafter, the participants performed two
series of eight repetitions from each condition for two days and in a random order,
with a minimum of 10 min between series. The structure of variability was analysed
using non-linear measures of entropy. Results: Mean changes (%; £90%CL) of 4.64;
+3.1 g for mean acceleration and 39.48; +36.63 a.u. for sample entropy indicated
likely and very likely increase when in BALL condition. Multiscale entropy also
showed higher unpredictability of acceleration under the BALL condition, especially
at higher time scales. Conclusions: the application of match specific constraints in
resistance training for rugby players elicit different amount of variability of body
acceleration across multiple physiological time scales. Understanding the non-linear
process inherent to the manipulation of resistance training variables with constraints
and its motor adaptations may help coaches and trainers to enhance the effectiveness
of physical training and, ultimately, better understand and maximize sports

performance.

Keywords: accelerometry; rugby; resistance training; entropy
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Introduction

Sprinting ability is essential in many invasion team sports, such as rugby (Gabbett,
2010). One of its most important components is acceleration, which is the capacity
of increasing and/or maintaining speed (Los Arcos et al., 2015). Considering that the
neuromuscular system is movement and velocity-dependent (D. P. Murray et al.,
2007), it seems consensual that training specificity is a key issue to develop the
sprinting ability. In invasion team sports, particularly, there are strong demands on
players performance when carrying, passing, receiving, kicking or throwing balls to
their teammates while sprinting, which adds substantial complexity to the tasks
(Waldron, Worsfold, Twist, & Lamb, 2014). However, gym-based resistance training
programs traditionally aim to improve sprinting ability and moving on multiple
planes, prioritizing the use of weights in vertical actions, and rarely incorporate the

use of a ball (Robineau, Lacome, Piscione, Bigard, & Babault, 2016).

The recent literature on skill acquisition encourages the use of constraint-led
approaches, in order to improve specificity and develop challenging training
environments, which increases movement variability and adaptability (Button,
Davids, & Schollhorn, 2006). What is yet unknown is how these constraints caused
by specific, but complex, motor demands affect the underlying dynamics of
kinematic variables and, ultimately, the performance outcomes. Most probably, the
conventional approaches that describe variability using linear measures, may not be
able to reveal these relationships, once it provides very limited information about
how the motor control system responds to changes, either within or between
individuals (Stergiou, 2016).

The analysis of human movement has evolved to assess the variability of a measure
targeting the detection of changes in fluctuations and spatiotemporal characteristics
of outcomes. Within the past 20 years, entropy analysis has become relatively popular
as a measure of system complexity and used to describe changes in postural control

(Cortes, Onate, & Morrison, 2014), assessment of running (A. M. Murray etal.,
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2017), human walking data (Bisi & Stagni, 2016), and tactical behaviour in soccer
(Sampaio & Magés, 2012). However, to our knowledge, entropy analysis has not been
applied to understand how the manipulations of resistance training constraints affects
the amount of complexity of physical outcomes in team sports.

The multiscale entropy analysis has been suggested as a proper method to address the
complexity inherent to the biological signals, allowing to deal with the multiple
spatial and temporal scales in a time series, reflecting the multiscaled characteristic
of the biological system operation (Costa et al., 2002; Costa, Goldberger, & Peng,
2005). In fact, multiscale entropy integrates the sample entropy (SampEn) method,
which quantifies point-to-point fluctuations of a time series in a single time scale, but
over a broad range of time scales through a coarse graining procedure (Costa et al.,
2005; Gow, Peng, Wayne, & Ahn, 2015). The advantages on this method lies on the
additional information on the relationship between the levels of a biological system,
as well as the organization of athlete’s movement from a dynamical system

perspective (Busa & van Emmerik, 2016).

Therefore, the aim of this study was to identify the differences in the acceleration
during a resistance horizontal forward-backward task without (NOBALL) or with the
constraint of catching and throwing a rugby ball in the forward phase (BALL). It was
hypothesized that during the resistance training task, the addition of a ball as a
constraint, there might be changes in the resultant acceleration of the players that can

be detected and described by a non-linear approach.
Methods

Twelve elite rugby players that integrate a professional team at the Spanish league
volunteered to participate in this study (mean + SD: age 25.6 + 3.0 years, height 1.82
+0.07 m, weight 94.0 + 9.9 kg). The team training schedule included four gym-based
resistance training sessions per week. The procedures complied with the Declaration
of Helsinki (2013) and were approved by the local ethics committee
(11/2015/CEICEGC).
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The inertial flywheel device (Byomedic System SCP, Barcelona, Spain) consists of
a metal flywheel (diameter: 0.42 m) with up to 16 weights (0.421 kg), which can be
added along the top edge of the flywheel perimeter. The device is comprised of a
cone attached above a flywheel, and as the flywheel and cone spin, a rope winds and
unwinds around the cone. The concentric action unwinds the rope and the eccentric
action occurs during rewinding. The force applied in the eccentric action to bring the
flywheel to a stop will depend on the kinetic energy generated during the concentric
action (Vicens-Bordas, Esteve, Fort-Vanmeerhaeghe, Bandholm, & Thorborg,
2018a). To change the resistance to movement, the moment of inertia can be modified
by adding any number of the 16 weights to the edge of the flywheel and also by
selecting one of the four positions (P1, P2, P3 or P4). For this study, the Position 1
and the 16 weights were selected, in order to generate the highest levels of mean force
(Vazquez-Guerrero, Moras, Baeza, & Rodriguez-Jiménez, 2016). The moment of

inertia for the device was 0.27 kg-m?.

The protocol was performed during four different days. Day one was prior to the
experiment, where the participants underwent to a familiarization session with the
inertial flywheel device during the horizontal movement. When performing the
BALL condition, an expert player made a pass from the right side, two meters away.
The evaluated player caught the ball during the forward movement, synchronized
with the first step. Then, during the second step the subject passed the ball to another
expert player standing two meters away at the other side (Figure 12). Emphasis was
placed on the proper technique and the importance of keeping the rope of the device
tight. In day two, the experimental protocol began with a standardized warm-up, after
which the optimal length of the rope for performing horizontal movements with three
steps backwards and three steps forwards was obtained for each player. Thereafter,
the participants performed two series of four repetitions of the NOBALL condition,
with maximal voluntary effort, with a minimum of 10 min between series. The

average time duration (7,04 ) Of the four repetitions was calculated and converted to
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the movements rate (R) in beats per minute for each player, as in equation 10 (Moras
et al., 2009).

R = (60/Tmean)/2 (10)

Subjects were instructed to synchronize the forward and backward horizontal
movements with the rate established using the metronome. Days three and four were
dedicated to the task. Each player had five minutes of a standardized warm-up,
followed by two series of six repetitions of both conditions. The intensity of the first
three repetitions was progressively increased, while the last three repetitions were
performed at maximal voluntary effort. Afterwards, the participants performed two
series of eight repetitions of each condition (for two days and in a random order) with
a minimum of 10 min rest between series. During data collection, players did not
receive any verbal information on the quality of the movement or the outcome of the

test.

Global

Figure 12. Horizontal movement with an inertial flywheel device.

The acceleration of the rugby players under both conditions was measured using an
inertial measurement unit (WIMU, Realtrack Systems, Almeria, Spain), with a 16 Hz
processing capability, that consists of a 5 Hz Galileo GPS positioning device, a 3D
accelerometer 100G recording at 1000 Hz, a 3D gyroscope recording at 1000 Hz, a
3D magnetometer recording at 100 Hz, and a barometer at 120 kPa. The

accelerometer was attached to the player using an elastic waist belt close to the
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sacrum. This position provided the best indication of whole body movement, as the
location is close to the player’s center of mass (Montgomery, Pyne, & Minahan,
2010). A portable high-speed camera (Casio Exilim EX-ZR100) recording at 240 fps

was also used to synchronize the accelerometry signal with the movement phases.

Four repetitions obtained from both conditions were considered for the analysis. The
acceleration time-series data were divided into two consecutive intervals for each
repetition (forward and backward movement) and analysed separately for each
subject. Mean acceleration, sample entropy (SampEn) and multiscale entropy for the

acceleration of the global, forward and backward movement were calculated.

The acceleration (at) was calculated by the equation 11:

at =./z% + y? + x? (11)

The calculation of SampEn and multiscale entropy was done according to Goldberger
et al. (2000) and through dedicated routines programmed in Matlab® (The
MathWorks, Massachussets, USA).

A Mann-Whitney non-parametric test was used to compare the SampEn of the
original time series and its surrogates, in order to verify if the variability found in the
data is not only the product of random noise (Stergiou, 2016). Magnitude-based
inferences and precision of estimation were used to analyse the data (Buchheit, 2016).
Prior to the comparisons, all processed variables were log-transformed to reduce the
non-uniformity of error. A descriptive analysis was performed using mean and
standard deviations for the mean and maximal acceleration, as well as SampEn (the

presented mean is the back-transformed mean of the log transform).

Differences between the different constraints and movement directions were
expressed in percentage units with 95% confidence limits. Smallest worthwhile
differences were estimated from the standardized units multiplied by 0.2. Uncertainty
in the true differences of the scenarios was assessed using non-clinical magnitude-
based inferences. Also, the comparisons were assessed via standardized mean

differences and respective 95% confidence intervals. Thresholds for effect 4 sizes
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statistics were 0.2, trivial; 0.6, small; 1.2, moderate; 2.0, large; and >2.0, very
large(William Hopkins, Marshall, Batterham, & Hanin, 2009).

Results

Rugby players reached peak acceleration values (mean + standard deviation) of 3.28
+1.160,297 £1.24 g, 2.77 £ 0.6 g for NOBALL global, forward and backwards
movements and 3.2 + 0.57 g, 3.19 £ 0.58 g, 2.53 + 0.3 g for BALL global, forward
and backwards movements, respectively. The peak acceleration for NOBALL global,
forward and backwards movements were 1.11 + 0.06 g, 1.07 £0.04 g, 1.12 £+ 0.11 g,
respectively, while for BALL global, forward and backwards movements were 1.1 +
0.059,1.1+0.06 g, 1.17 £ 0.07 g, respectively. SampEn of the NOBALL for global
was 0.21 + 0.08, for forward was 0.23 £ 0.16 and 0.21 + 0.08 for backwards. SampEn
of the BALL was 0.27 + 0.07 for global, 0.28 £ 0.09 for forward and 0.28 + 0.07 for

backwards movement.

The SampEn values calculated for all original time series were statistically lower than
the mean values obtained for its surrogates (p<0.001), indicating meaningfulness of

the variability intrinsic to the data.

When peak acceleration was compared among tasks in the NOBALL constraint, it
seems that the backwards movements required higher peak acceleration of rugby
players when the constraint was NOBALL, by the moderate and large standardized
differences (Figure 13b). In the BALL constraint, worthwhile differences among

movements in this variable were small or trivial.
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a

Table 1. InErences for the changes in he scceleraton charactenstics ofrugby players at
difierent movements of 3 functional srength exercise.

Task comparison outcomes as:
Mean changes (%:; $30%CL)
% Chances (decreaseltrivialincrease)

Practical inferences

Variables Constraint Task Forward Backwards
-10.95;7.55 -13.18;£1325
Gicbal 881120 152
likelydecrease likely decrease
NOBALL
-2.51; £19.64
Sackmards 243733
Peak undear
Aooeleration 0282052 -20.13; 1875
Global 0/100/0 100/0/0
kel trivial ety decrease
BALL
-19.89;18.92
Backwards 00/%5
verylielydecease
-3:£2.28 125, £281
Global 89/11/0 6/48/48
filelydecrease unclear
NOBALL
4.39; £5.08
Backwards 85/12/3
kel
Mean_ ikelydecrease
Accrieaton 0072118 2524
Global -0 TN9/74
undear unclear
BALL
258 x4.68
Backwards 72/19/9
undear
0.67; 17.08 0.35; £19.48
Global 1985/16 19/8021
undear unclear
NOBALL
1.03; £34.3
Backwards 333829
undear
SampEn
2.06; £5.87 304,851
Global 279018 568233
fikety trivial unciear
BALL
096;:12.19
Backwards 195328
undear

Figure 13. (a)
the different

Ball

Noball

Ball

Noball

Noball

Peak Acceleration

Standardized (Cohen) differences

Mean Acceleration

Standardized (Cohen) differences

Table containing the magnitude-based inferences of each variable across

movements of a resistance training tasks. (b) Standardised Cohen’s

differences for acceleration characteristics compared across the different movements of

a resistance training task. Error bars indicate uncertainty in true mean changes with

90% confidence intervals.
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Table 2. Inferences for the different ball constraints on the acceleration of rugby players during

functonal srength exercise.

Ball Constraint compa rison outcomes as:

Mean changes (%; £30%CL)
% Chances (decrease/trivialincrease)
Practical inferences

Variables Global Forviard Backwards
05441622 1257, 219.83 751251
sulbek. 2414724 4274 8s2369
unclear Doﬁ(b?)’ increase undear
338,235 645,242 484231
ey 06208 018 0783
unclear \erylikelyincrease ielyincrease
35.83;£29.18 3958, :37.8 3948;:38.63
SampEn 0i4/%8 1881 1585
\erylilelyinoease skelyincrease fielyincrease

Peak Acceleration

noball ball
................ T .,.’.
Backwards
Forward
Global Dol
I e et W s e et e

-2 0 2
Standardized (Cohen) differences

Mean Acceleration
noball ball
.‘............. ................ ’
Backwards+
Forward i —.
Global 4 ; |——0—4
lage e o v s e et e
-2 0 2
Standardized (Cohen) differences
SampEn
noball ball
.‘................ ................>
Backwards ; Q—-H
Forward ——
Global- : : H—(
iy e ek v s e ek 53
-2 0 2

Standardized (Cohen) differences

Figure 14. (a) Table containing the magnitude-based inferences of each variable across
the different ball constraints applied to the resistance training task. (b) Standardised

Cohen’s differences for acceleration characteristics compared between different ball

constraints during a resistance training task. Error bars indicate uncertainty in true mean

changes with 90% confidence intervals.
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Mean acceleration in both constraints showed small or trivial differences for global
and forward movements, which, although higher than backwards, was considered
unclear in terms of practical inferences. The acceleration complexity was trivially

different when SampEn was compared among the three movements (Figure 13a).

The results when the effect of NOBALL and BALL in the different movement parts
showed that peak acceleration is not clearly affected by the constraint, opposite to
mean acceleration and SampEn (Figure 14). For both variables, when the ball is
added to the task, global and forward movements very likely/likely present an

increase of acceleration and complexity.

The multiscale entropy curves obtained for the constraints and across all sets are
presented in Figure 15. The values for the different set are consistent across all time
scales. Global, forward and backwards tasks show increasing multiscale entropy
values towards the highest time scales and similar range of values. However, the
BALL tasks show higher multiscale entropy values when compared to the NOBALL
tasks.

2 T T T T

—=— Global BALL
Global NOBALL

—=— Forward BALL
Forward NOBALL

Multiscale entropy
T

—=— Backwards BALL
Backwards NOBALL

|
0 2 4 6 8 10 12 14 16 18 20
time scales

Figure 15. Multiscale entropy values for the different parts of horizontal resistance
training movements with (BALL) or without (NOBALL) the constraint of using the

ball, across different time scales.
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Discussion

This study aimed to identify the differences in the acceleration during a resistance
horizontal forward-backward task without (NOBALL) or with the constraint of
catching and throwing a rugby ball in the forward phase (BALL). The main findings

suggest that the ball constraint affected the acceleration produced by the players.

In the global set of the resistance task there was a decreased in peak acceleration
when comparing the forward with the backward movement. The mean acceleration
in the global and backwards sets of the movement were lower than forward,
especially under NOBALL condition. Previous research suggested that forward and
backward running are regulated by the same neural circuitry, but backwards running
presents higher degrees of freedom to be managed, translating to a higher amount of
coordination variability (Mehdizadeh, Arshi, & Davids, 2015). Although the authors
did not find an effect of running speed to the coordination variability in either tasks,
in the present study, the sprinting ability, or the capacity to accelerate over time, seem

to have been influenced by the higher degrees of freedom in backwards movement.

Additionally, in the BALL situation, although mean acceleration at backwards
movement showed an unclear effect of the constraint, with a small-standardized
difference, the peak acceleration at backwards movements likely decreased under this
condition. Although these results do not corroborate with previous work on sprint
training considering BALL and NOBALL situations (Seitz, Barr, & Haff, 2015),
slower performance in constrained tasks have already been reported for joint
kinematics coordination, as well as the speed of overall sprinting technique of field
hockey players, when performing tasks constrained by hockey sticks (Wdowski &
Gittoes, 2013). Thus, the manual constraint applied to the resistance task seems to
affect the players’ linear acceleration during the sprint performance in different

directions.

Sprinting ability training for team sports can integrate equipment constraints in the

training protocols, in order to elicit adequate physiological and mechanical demands
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of the specific skills. Thus, the other point of the present study was to show how
simple but sport-specific gym-based resistance training tasks can promote
improvements beyond the peak acceleration. When confronting entropy analysis
between the original acceleration time series in each condition and the entropy of its
surrogates, it was shown that the amount of variability obtained contains meaningful
structural richness (Costa et al., 2005). The SampEn values did not indicate a clear
relationship in the amount of regularity present in the acceleration at each different
movement of the resistance task. On the other hand, there is a likely increase in the
BALL SampEn of all sets of the task. These results indicate that the constraint applied
to the resistance training task not only requires from the players higher acceleration
as discussed above, but also induces a change in system coordination patterns or
establishes certain combination of movement stability and adaptability (van Emmerik
& van Wegen, 2002). This is an evidence of how specificity issues can foster the
adaptive aspects of movement variability. The association of the degree of variability
with skill and health is changing (Hamill, Van Emmerik, Heiderscheit, & Li, 1999).
It has been shown that some degree of motor variability is beneficial as it allows a
more adaptive system to internal and external perturbations that constantly act on the
body. The results associated to the players mentioned above may indicate detrimental
movement control or coordination when a manual task is added, as to catch and throw
a ball while run aiming increased body acceleration. Previous studies have already
associated decreased variability to compromised athletic condition and lower skill
level (Preatoni, Ferrario, Dona, Hamill, & Rodano, 2010), motor learning/adaptation
to the task, pain free movement (Hamill et al., 1999). As previously mentioned, there
are results on sprint training using the ball as a constraint that did not find any
differences between BALL and NOBALL situation (Seitz et al., 2015). However, it
seems likely that these ball constraint effects are better identified at a non-linear level,

as presented in this study.

At the level of time scales, entropy across multiple temporal scales was also

calculated through multiscale entropy analysis, as SampEn is calculated considering
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only a single scale. This method reveals the dependency of the entropy measures on
the different temporal scales (Costa etal., 2002). The advantages are in the
assessment of acceleration variability during the resistance task, accounting to its
diverse dynamical interactions within and between physiological levels of the system
during a task. Throughout the perception-action cycle, the task demands from the
system to attune to the environment as the constraints change (Busa & van Emmerik,
2016). All the conditions presented higher multiscale entropy values towards the
highest time scales. This monotonic increase in higher time scales indicates that
acceleration becomes more complex than those corresponding to lower scales.
Current results also suggest that multiscale entropy values among the tasks are similar
but BALL condition presented higher multiscale entropy than NOBALL, especially
from the time scale 12 towards 20. This might indicate that changes in the system
imposed by the task constraint might occur at higher-level (macro-scale) process or
in a systemic fashion, which reflects the integration of the lower-level processes, i.e.
molecular, cellular tissue (Busa & van Emmerik, 2016). The ball constraint probably
acts at the postural system level during resistance training tasks. The BALL condition
implies higher anticipatory and compensatory adjustments due to the external
perturbation of posture, once players must rotate the trunk sideways to catch and
throw the ball. During catching and throwing movements (forward BALL), the
central nervous system had to modulate the anticipatory and compensatory activities
of the distal and proximal muscles in a different way to forward NOBALL, in order
to accomplish the task. Athletic trainers and physical therapists often use postural
perturbations such as standing on one leg in different postural controlling conditions
and/or throwing, catching or kicking a ball (Scariot et al., 2016). These tasks aim to
increase difficulty by reducing the reliability of somatosensory information.
However, the present study shows how manipulating constraints in motor tasks
during physical training acts on players’ adaptive capacity, although is not commonly
used in practice. Traditional resistance training tasks might be excessively static in
opposition to the fact that players need to constantly adjust their actions according to

the inherent changes in performance environments (Travassos, Aradjo, Vilar, &
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Mcgarry, 2011). Further studies can focus on how the learning process inherent to a
period of resistance or sprint training using ball constraints would change the
variability of the acceleration and affect performance.

Conclusions

The use of specific constraints in resistance training for rugby players elicits different
structure of variability in body acceleration across multiple physiological time scales,
particularly towards higher level scales (physiological systems). Thus, the sprinting
ability and passing performance in rugby players might benefit from careful planning
of how motor tasks are performed during resistance training. Understanding the non-
linear process inherent to the manipulation of gym-based resistance training variables
with constraints and its motor adaptations may help coaches and trainers to enhance

the effectiveness of training.
Practical Implications

(1) Team sports players need to constantly adjust their actions to extremely
dynamic environments. Using the ball during gym-based resistance training
tasks can change the structure of movement variability and, therefore,
compensate for the low variability observed in traditional resistance training
performed at the gym.

(2) Sprinting ability and passing performances should benefit from these
different structures of movement variability.

(3) Using the ball in resistance training increases variability inter-repetitions,

elicits a wider area of the muscle tissue and reduces the risk of injury.
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5.3. Estudio 2: Entropy analysis for assessing changes
in - movement variability during cumulative

tackles

*Este estudio es una version editada de: Fernandez-Valdés, B., Jones, B., Hendricks,
S.,_Weaving, D., Ramirez-Lopez, C., Whitehead, S., Gonzélez, J., Gisbert-Orozco,
J., Trabucchi, M., & Moras, G. (2020) Entropy analysis for assessing changes in
movement variability during cumulative tackles. International Journal of Sports
Medicine. Review in Progress (1JSM-04-2020-8229-tt).
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Abstract

The aim of this study was to identify between-position (forwards vs. backs)
differences in movement variability in cumulative tackle events training during both
attacking and defensive roles. Eleven elite adolescent male rugby league players
participate in this study (mean = SD, age; 18.5 £ 0.5 years, height; 179.5 £ 5.0 cm,
body mass; 88.3 £ 13.0 kg). Participants performed four blocks of six tackling (i.e.
tackling an opponent) and six tackled (i.e. being tackled by an opponent while
carrying a ball) events (i.e. 48 total tackles) while wearing a micro-technological
inertial measurement unit. Sample entropy (SampEn) were used to analyse the
movement variability. In tackling actions SampEn showed significant between-
position differences in block 1 and block 2. Significant between-block differences
were observed in backs (block 1 vs 3and block 1 vs 4but not in forwards. When being
tackled, SampEn showed significant between-position differences in block 1 and
block 3. Significant between-block differences were only observed for backs in block
1 vs 4. Movement variability shows a progressive reduction with cumulative tackle
events, especially in backs and the defensive role. Forwards present lower movement
variability values in all blocks, particularly in the first block, both in the attacking

and defensive role.

Keywords: Individual profiles, team sports, adaptability, micro-technology, SampEn
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Introduction

Rugby league and rugby union are physically demanding team sports characterised
by a high frequency of tackle events (R. Johnston, Gabbett, Seibold, & Jenkins,
2014). As such, tackles result in considerable increases in total energy expenditure
(Costello et al., 2018) and upper-body neuromuscular and perceptual fatigue (Roe
etal., 2017). Furthermore, tackles require high levels of physical fitness and a set of
coordinated movement patterns (Hendricks, Till, Brown, & Jones, 2017).
Consequently, developing tackle and contact abilities becomes an essential aspect of
training prescription in the rugby codes (Hendricks et al., 2017). Tackle actions are
performed during both defensive and attacking phases of play (Gabbett, Jenkins, &
Abernethy, 2010), but defensive tackling may prove crucial in determining the match
outcome if they are able to prevent the attacking team progressing towards their try
line and scoring a try (Gabbett, 2013). Therefore, it is important that defensive players
are able to maintain the intensity and technique during defensive tackles. Tackle
characteristics are different between playing positions, with forwards performing
more tackles than backs during a match (Weaving et al., 2019). Thus, players have
different collision-profiles and require different collision training to prepare for the

physical characteristics of competitions (Cummins & Orr, 2015).

The use of micro-technology devices for quantifying the external load in team sports
has increased exponentially in the last years (Gastin, McLean, Breed, & Spittle, 2014;
MacLeod et al., 2018; Roe et al., 2017). However, most of the research has focused
on global positioning system (GPS) derived variables (e.g. distance, high-speed
running, accelerations, and decelerations) (McLean etal., 2018). In addition to
traditional GPS features, some micro-technology devices contain multiple
components such as accelerometers or gyroscopes. Accelerometers may provide
valuable information related to human movement (McLean etal., 2018). For
instance, accelerometer-derived metrics can be used to quantify the number and
magnitude of collision events (Cummins & Orr, 2015; Gastin et al., 2014; MacLeod

et al., 2018). In the existing literature, tackle analyses have typically quantified the
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magnitude of these events and potential changes in technique (Cummins & Orr, 2015;
Gabbett, 2013; Gabbett & Ryan, 2009; Hendricks et al., 2017). Cumulative tackles
events may deteriorate tackle technique and efficiency over time, especially when a
player is required to make repeated tackles with their non-dominant side (Hendricks
& Lambert, 2014).

Movement variability during athletic performance (e.g. a tackle) can be perceived as
a key element for identifying the amount of perturbation in a specific sporting action
(Couceiro etal., 2013). Therefore, human movement variability can provide an
additional tool for quantifying the tackle demands of team sports. Human movement
analysis has evolved to assess the variability of a measure by targeting the detection
of changes in fluctuations and spatiotemporal characteristics of its outcomes. Linear
analyses of human movement have several recognised limitations, mainly in
determining the degree of complexity and the time—dependent structure of a time
series (Lipsitz & Goldberger, 1992). These limitations can be complemented by using
non-linear analyses, such as measures of entropy. Within the past 20 years, entropy
analysis has gained popularity as a measure of system complexity in sports (Couceiro
et al., 2014). Recently, it has also been validated for detecting increases in movement
variability in elite rugby players during resistance training when a ball is included
(Moras et al., 2018).

To our knowledge, no study has explored the movement variability in tackle actions
and its changes during repeated tackles. Therefore, the aim of this study was to
identify between-position (forwards vs. backs) differences in movement variability

in cumulative tackles events training during both attacking and defensive roles.
Materials and Methods

Subjects

Eleven elite adolescent male rugby league players (mean = SD, age; 18.5 £ 0.5 years,
height; 179.5 + 5.0 cm, body mass; 88.3 + 13.0 kg) were recruited for this study. All

participants were selected from a single professional rugby league academy based in
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England. Prior to volunteering, the experimental protocol was explained to all
participants both verbally and in writing, with a written statement of consent signed.
The procedures complied with the Declaration of Helsinki (2013) and were approved
by Leeds Beckett University Research Ethics Committee.

Design and Methodology

Participants performed a drill encompassing 48 one-on-one tackles divided into 24
tackling (i.e. tackling an opponent) and 24 tackled (i.e. being tackled by an opponent
while carrying a ball) events. These drills were structured in four blocks, and each
block consisted of six tackling and six tackled activities in random order. The players
started in front of each other, when the coach marked the start, the players crossed
two meters in the opposite direction and then changed direction to execute the tackle
at the central point (Figure 16). The players were divided by positions (e.g., forwards
or backs), so that they were always paired with a player of their same position. The
experimental protocol began with a standardized warm-up. Participants were
instructed and encouraged to tackle with maximum effort. During tackling actions,
participants alternated between shoulders (i.e. three tackles using the dominant
shoulder and three tackles using the non-dominants shoulder) within each block.
Ninety seconds of passive recovery was prescribed between each block. Professional
coaches directed the sessions to ensure session safety and ecological validity. The
prescribed 48 collisions account for more than the match demands reported for
professional rugby league (Hausler, Halaki, & Orr, 2016) and rugby union (Quarrie
et al., 2013), to induce a greater level of tackle induced fatigue. A total of 528 tackles

were analysed (288 for forwards and 240 for backs).

Participants wore a micro-technology inertial measurement unit (WIMU, Realtrack
Systems, Almeria, Spain), which was tightly fitted to the athletes upper back with a
specialised vest to minimise incidental unit movement and enhance reliability
(McLean etal., 2018). The micro-technology units contain a 10 Hz Galileo GPS
positioning device, a 3D accelerometer; 100G recording at 1000 Hz, a 3D gyroscope
recording at 1000 Hz.

105



The raw acceleration signal was extracted from each device (from Figure 16B to
16D), and processed using a summation of vectors (at) in three axes, mediolateral (x),
anteroposterior (y) and vertical (z) calculated according to Moras et al. (2018).

Figure 16. One-on-one tackles. Players started in front of each other, when the coach
marked the start the players crossed two meters in the opposite direction (A) and then

changed direction (B) to execute the tackle at the central point (C, D).
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Two of the most widely used and successful entropy estimators are Approximate
Entropy (ApEn) and Sample Entropy (SampEn) (Richman & Moorman, 2000). ApEn
quantifies the similarity probability of patterns of length m and m + 1. SampEn is a
similar statistic, and it also measures the probability of subsequences being close at
two lengths m and m + 1. However, SampEn does not include self-comparisons and
exhibits greater consistency than ApEn (Richman & Moorman, 2000). For this

reason, we used SampEn for the current study.

The (at) signal was cut separating each collision, obtaining 48 signals for each subject
and device. Sample entropy (SampEn) for each signal were calculated. Entropy was
done according to Goldberger et al. (Goldberger et al., 2000) and through dedicated
routines programmed in Matlab® (The MathWorks, Massachusetts, USA).

Statistical Analysis

Descriptive analyses are reported as mean * standard deviations. Data normality and
homogeneity was assessed using Shapiro-Wilk and Levene tests, respectively. Data
analyses were conducted using PASW Statistics 21 (SPSS, Inc., Chicago, IL, USA).
Independent sample T-tests were used to evaluate differences in SampEn between
positions in each block, one for attacking and other for defensive roles. Four linear
mixed-effects models were used to model the main and interactive effects between
blocks for dependent variables (SampEn) divided between-position and attacking and
defensive role (forwards attacking, forwards defensive, backs attacking and backs
defensive). The “ID” of the player was treated as the fixed effect, whereas the random

effect was "block” for all analyses.

The comparisons were also assessed via standardized mean differences (Cohen’s d)
and respective 90% confidence intervals. Thresholds for effect sizes statistics were
<0.20, trivial; 0.20-0.59, small; 0.6-1.19, moderate; 1.20-1.99, large; and >2.0, very
large (William Hopkins et al., 2009). For all statistical tests, a p < 0.05 was considered

to be statistically significant.
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Within-block acceleration variability was analysed using coefficient of variation
expressed as a percentage of the mean acceleration signal (CV%) and was represented
using box and whisker plots. The box and whisker plots display the first and third
guartiles as the ends of the box, the maximum and minimum as the whiskers and the
median and average as a vertical bar and + symbol respectively in the interior of each

box.
Results

The average and standard deviation of SampEn values for tackling and tackled for

forwards and backs in each block are shown in Table 4.

Table 4. Means (xSD) of Sample Entropy values between-position (forwards vs. backs)

during both attacking and defensive role.

Backs Forwards

Tackling 0.085 +0.012 0.067 £ 0.013
Block 1

Tackled 0.085 + 0.010 0.069 + 0.014

Tackling 0.079 £ 0.006 0.066 + 0.008
Block 2

Tackled 0.077 £0.011 0.073+0.011

Tackling 0.072 £ 0.008 0.066 = 0.007
Block 3

Tackled 0.081 + 0.006 0.069 + 0.009

Tackling 0.069 + 0.008 0.063 + 0.006
Block 4

Tackled 0.071 £ 0.011 0.065 + 0.014
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Tackling

Figure 17 shows movement variability when tackling for backs and forwards.
Standardized mean differences (Cohen’s d) and linear mixed-effects model with
interactive effects between blocks for dependent variables (SampEn) divided into two
positional groups (backs and forwards) for tackling is shown in Figure 17A. In backs,
significant differences were observed in block 1 vs 3 (p=0,0021) and in block 1 vs 4
(p= 0,0001), but not in block 1 vs 2 (p= 0,2002). No significant differences were
observed in any of the studied block comparisons in forwards (block 1 vs 2, p=
0,8290; block 1 vs 3, p=0,6102; block 1 vs 4, p=0,1155). Figure 17B shows SampEN
(mean = SD) and T-test analysis for differences between positions within each block.
Significant between-position differences were observed in block 1 (p= 0.0001) and
block 2 (p=0.0003) but not in blocks 3 and 4 (p=0.1664 and p= 0.0899, respectively).
Also, backs showed higher movement variability in all tackles compared with block
1. In contrast, forwards only showed a clear decrease in the last tackles of the last
blocks (Figure 17D, 17F).

Within block variability when tackling was higher for forwards (CV; 18.7% block 1;
11.63% block 2; 11.06% block 3; 9.11% block 4) vs (14.23% block 1; 7.56% block
2; 10.60% block 3; 12.01% block 4) for backs. Also, box and whisker plots showed
more variability within blocks for forwards than backs (Figure 17C, 17E).
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Figure 17. Movement variability when tackling for backs and forwards. (A).
Standardised Cohen’s differences between blocks. Error bars indicate uncertainty in
true mean changes with 90% confidence intervals. VL: Very Large; L: Large; M:
Moderate; S: Small. (B). SampEn (mean = SD) and T-test analysis between positions
within each block. (C, E). Box-and-Whisker-Plots in each block for backs and forwards
respectively. (D, F). Average and standard deviation in all defensive tackles for backs

and forwards respectively. The significant differences were shown as * p<0.05.
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Tackled:

Figure 18 shows movement variability when being tackled for backs and forwards.
Standardized mean differences (Cohen’s d) and linear mixed-effects model with
interactive effects between blocks for dependent variables (SampEn) divided into two
positional groups (backs and forwards) for tackled are shown in Figure 18A. In backs,
significant differences were observed in block 1 vs 4 (p= 0,0025), but not in block 1
vs 2 (p= 0,0756) or block 1 vs 3 (p= 0,2321). No significant differences were
observed in any of the studied block comparisons in forwards (block 1 vs 2, p=
0,2779; block 1 vs 3, p= 0,8949; block 1 vs 4, p= 0,1830). Figure 18B shows
SampEN (mean + SD) and T-test analysis for differences between positions within
each block. Significant between-position differences were observed in block 1 (p=
0.0007) and block 3 (p=0.0118) but not in blocks 2 and 4 (p= 0.3939 and p=0.2132,
respectively). Also, backs showed higher movement variability in all tackles
compared with block 1, in contrast forwards only showed a clearly decrease in the
last tackles of the last block (Figure 18D, 18F).

Within block variability when being tackled showed higher levels of variability for
forwards (CV; 20.16% block 1; 14.63% block 2; 12.97% block 3; 20.72% block 4)
than for backs (11.71% block 1; 14.61% block 2; 7.90% block 3; 15.14% block 4).
Also, box and whisker plots show a higher within-block variability in forwards than
in backs (Figure 18C, 18E).
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Figure 18. Movement variability when being tackled for backs and forwards. (A).
Standardised Cohen’s differences between blocks. Error bars indicate uncertainty in
true mean changes with 90% confidence intervals. VL: Very Large; L: Large; M:
Moderate; S: Small. (B). SampEn (mean = SD) and T-test analysis between positions
within each block. (C, E). Box and whisker plots in each block for backs and forwards
respectively. (D, F). Average and standard deviation in all attacking tackles for backs

and forwards respectively. The significant differences were shown as * p<0.05.
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Discussion

This study aimed to identify changes in movement variability between positions
(forwards vs. backs) in cumulative tackles events training during both attacking and
defensive roles in rugby league. To our knowledge, this is the first study to analyse
movement variability in tackling actions. The main findings are that movement
variability is progressively reduced with cumulative tackle events over blocks (i.e.
six tackling and six tackled), especially for backs and defensive tackles. Overall,
forwards present the lower movement variability in all blocks than backs. Previous
research suggests that movement variability might be reduced by different factors; on
the one hand as a function of practice or experience (Newell et al., 2003), and on the
other hand because of aging (Busa & van Emmerik, 2016), disease (Busa & van
Emmerik, 2016), injury (Sampson et al., 2018) or fatigue (A. Murray et al., 2019).
Therefore, since forwards perform more collisions during the course of a match
(Cummins & Orr, 2015) this might suggest that forwards adjust better to tackle

actions.

In the current study, it appears that forwards maintain their levels of movement
variability without significant changes during cumulative tackle events. In contrast,
backs present higher levels of movement variability in block 1 and suffer significant
decreases with cumulative tackle events. In such a manner, when the interactions
among elements in the system worsen, the movement variability could be reduced
affecting locomotor outputs (Busa & van Emmerik, 2016). Gabbett and Ryan (2009)
(Gabbett & Ryan, 2009) found that the greatest improvements in tackling technique
occurred in the players with the lowest initial technical tackling ability. This
behaviour has also been found in the present study, since the players who presented
higher initials levels of movement variability showed the greatest decreases in
movement variability. Thus, the between-position differences observed in movement
variability initial values and its behaviour during cumulative tackle events are

probably associated with specific positional requirements (Cummins & Orr, 2015).
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Cummins & Orr (2015) showed that both forwards and backs experienced more
collision events in defence than attack. Consequently, the principal focus of the tackle
task should be set on defensive tackles because these may prove crucial in
determining match outcomes(Gabbett, 2013). Running speed is progressively
reduced when players (especially backs) are required to perform a high number of
collisions per minute(R. D. Johnston et al., 2019). The present study shows a similar
behaviour in movement variability, especially in tackling actions. The major
difference was produced between block 1 and 4 with a small decrease in movement
variability in forwards and large changes with significant differences in backs (Figure
17A). This highlights that the decrease in movement variability in backs is due to the
fact that the majority of the tackles are below the average of the entropy values of
block 1 (Figure 17D). However, and in forwards only, the last tackles in blocks 3 and
4 are below the average of block 1 (Figure 17F). Also, a clear association between
the decrease in movement variability and an increase in the number of contact effort
in defensive actions exists (Figure 17B). In this sense, if movement variability is low
it might harm a player’s tackling ability, and in turn potentially increase the risk of
injury (Sampson et al., 2018), so a change in the structure of the task could be
suggested. The attacking play of hit ups and the ability to tolerate physical collisions
is important for rugby league players (Cummins & Orr, 2015). Similar to tackling
actions, when participants were being tackled both positional groups showed a
progressive reduction in movement variability. However, the last block was only

significantly different in backs (Figure 18A).

Understanding the tackle characteristics and quantifying its load should be an
essential part of load monitoring in rugby and could be associated with tackle
performance (Hendricks et al., 2017). Current tackle analysis using microtechnology
is limited to counting the number of tackle events and their magnitude. Until now,
the most widely used tool is an algorithm designed specifically for rugby league,
which quantifies collision counts (Hulin, Gabbett, Johnston, & Jenkins, 2017). This

algorithm is sensitive to detect 97.6% of collision events during professional rugby

114



5. Estudios

league match-play (Hulin et al., 2017). However, Glazier & Davids (2009)(Glazier
& Davids, 2009) state that it is the structure, rather than the magnitude, of variability
is important in uncovering the functionality of this ubiquitous feature of human motor
behaviour. Moreover, Wu et al. (2014)(Wu, Miyamoto, Gonzalez Castro, Olveczky,
& Smith, 2014) suggested that the temporal structure of motor output variability can
explain differences in how individuals adapt to different types of dynamics. The
differences found between backs and forwards in entropy calculated from
accelerometers in our study reflects the different forms of adaptation to the
environment derived from the specificity of the training by positions in the same team
and probably should be taken into account to plan the training. Thus, entropy could
be a good alternative tool to analyze the temporal structure of variability in tackle
actions and to understand the differences in locomotor outputs between position when

performing multiple collisions training.

Futures studies should focus on analysing changes in movement variability during
open tasks with decision-making components and during match play and if it is
associated with match-play tackling performance. Furthermore, commercially
available accelerometers usually sample at a frequency of 100 Hz (McLean etal.,
2018), so the validity of tri-axial accelerometers sampling at 100Hz for calculating
entropy in short actions like a tackles frequencies should be assessed to fully

understand if this analysis can be extended to other commercially available devices.
Limitations

The current study was performed in a single professional rugby league academy
squad and during a single standardised session. Nevertheless, the number of tackles
analysed was 528, more than the match demands reported for professional rugby
league (Hausler etal., 2016) and rugby union (Quarrie etal., 2013). Also, the
participants were elite adolescent male rugby league players, so the findings of this

study can be useful for researchers and practitioners working at the elite level.
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Conclusions

To our knowledge, this is the first study to use entropy analysis to quantify the
changes in movement variability in cumulative tackle events in elite rugby players.
In conclusion, movement variability is progressively reduced with cumulative tackle
events, especially in backs and in the defensive role. Forwards present lower
movement variability values in all blocks, particularly in the first block, both in the

attacking and defensive role.
Practical Implications

@ Entropy measures can be used by practitioners as an alternative tool to
analyse the temporal structure of variability of tackle actions and to quantify

the load of these actions by positions.

2 Movement variability analysis can help to maintain the optimal complexity

in repetitive tackle tasks between positions.

3 Practitioners should modify the contact tasks between positions to adjust the
complexity of the task to the different requirements of each position and

difference collisions-profiles to optimize the training process.
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5.4. Estudio 3: The influence of functional flywheel
resistance training on movement variability and

movement velocity in elite rugby players

*Este estudio es una version editada de: Fernandez-Valdés, B., ™ .
Sampaio, J., Exel, J., Gonzélez, J., Tous-Fajardo, J., Jones, B.,

& Moras, G. (2020). The influence of functional flywheel by
resistance training on movement variability and movement :
velocity in elite rugby players. Frontiers in Psychology, 11, -
1205.
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Abstract

The aim of this study was to identify the changes in movement variability and
movement velocity during six weeks training period using a resistance horizontal
forward-backward task without (NOBALL) or with (BALL) the constraint of
catching and throwing a rugby ball in the forward phase, during a six-week period.
Eleven elite male rugby union players (mean + SD: age 25.5 + 2.0 years, height 1.83
+ 0.06 m, body mass 95 + 18 kg, rugby practice 14 + 3 years) performed eight
repetitions of NOBALL and BALL conditions once a week in a rotational flywheel
device. Velocity was recorded by an attached rotary encoder while acceleration data
were used to calculate sample entropy (SampEn), multiscale entropy and the
complexity index. SampEn showed no significant decrease for NOBALL (ES -0.64
+ 1.02) and significant decrease for BALL (ES -1.71 + 1.16; p<0.007) conditions.
Additionally, movement velocity showed significant increase for NOBALL (ES 1.02
+ 1.05; p<0.047), and significant increase for BALL (ES 1.25 + 1.08; p<0.025)
between weeks 1 and 6. The complexity index showed higher levels of complexity in
BALL condition, specifically in the first three weeks. Movement velocity and
complex dynamics were adapted to the constraints of the task after a four-week
training period. Entropy measures seem a promising processing signal technique to

identify when these exercise tasks should be changed.

Keywords: entropy, strength training, task constraints, team sports, adaptability
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Introduction

Resistance training is a key determinant of the physical conditioning process in elite
rugby (Inness et al., 2016). Currently, it has been suggested that traditional resistance
training tasks are too static and contradictory to the natural complex open system of
team sports, which demands the self-organization of the large amount of degrees of
freedom involved in interaction between the environment and the dynamics of
players’ decisions and actions (Travassos et al., 2011). Therefore, developing the
ability to perform stable actions, i.e. the capacity to accelerate and decelerate (Seitz
etal., 2015), under complex scenarios involving attuning interpersonal
coordination(Duarte et al., 2012) , as well as equipment and pitch space control in
decision making (Greihaine, Godbout, & Zerai, 2011), is very challenging but
imperative at high levels of competition (Couceiro et al., 2013). In fact, rugby players
need to be effective at sprinting while carrying a rugby ball (Pollard et al., 2018),
which consequently increases the complexity of running, by altering the natural arm
swing performed to counterbalance the hip rotation (Barr, Sheppard, Gabbett, &
Newton, 2015).

One of the most important variables to consider when designing an optimal resistance
training program is the movement velocity (Bautista, Chirosa, Robinson, Chirosa, &
Martinez, 2016), so it can be transferable to the tasks that require a developed
capacity of body acceleration. However, the guidelines available in literature lack
information on coordination patterns of the neuromuscular control system responses
during training (England & Granata, 2007). By describing the effects emergent from
different task constraints on such patterns, novel and important information about the
players’ mechanisms of organic adaptation can be revealed (Mehdizadeh etal.,
2015). Indeed, recent research identified motor variability as a key factor to describe
the coordination features from the sensorimotor system operations and from the

learning processes (Dhawale, Smith, & Olveczky, 2017).
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Recent research has found that the use of specific task constraints, such as carrying
or passing a rugby ball during the execution of a functional eccentric overload
resistance exercise, elicits different structure of variability in players’ body
acceleration across multiple time scales, particularly towards higher level or systemic
scales (Moras et al., 2018). One of the follow-up questions arisen from this first body
of evidence is related to the effect of time in the biological complexity responses in
resistance training programs that use ball constraints, particularly associated to the

acceleration outcomes and their effects on performance.

There are different approaches to analyse human movement and assess variability to
identify changes in patterns and spatiotemporal characteristics (Dhawale et al., 2017,
Moras et al., 2018; Preatoni et al., 2010, 2013; Stergiou et al., 2006). It has been
recognized that linear measures have several limitations, especially in determining
movement degree of complexity and the time—dependent structure of a time series
(Lipsitz & Goldberger, 1992). These limitations can be addressed by non-linear
approach, such as measures of entropy, to better describe healthy and pathological
conditions(Costa et al., 2002), changes in postural control(Lubetzky, Harel, &
Lubetzky, 2018; Rhea et al., 2011), assessment of running(A. M. Murray et al., 2017)
, tactical behaviour in soccer(Gongalves et al., 2017) or movement variability in

resistance training task (Moras et al., 2018) .

Entropy quantifies the amount of regularity and unpredictability of point-to-point
fluctuations in large sets of time-series data (Richman & Moorman, 2000). Sample
entropy (SampEn) and multiscale entropy (MSE) are two of the most popular
methods for assessing data regularity in health and sports sciences (Busa & van
Emmerik, 2016). SampEn measures the probability that similar sequences of points
in the time-series remain similar within a tolerance level when a point is added to the
sequence, in a single time scale (Richman & Moorman, 2000). On the other hand,
MSE analysis has been suggested as a better method to address the complexity
inherent to the biological signals because it considers multiple spatial and temporal

scales in a time series, reflecting the multiscale characteristic of the biological system
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operation (Costa etal., 2002, 2005; Gow etal., 2015). Particularly regarding
movement variability, research is still limited to a few examples who suggest that it
might be reduced as a function of practice (Newell & Vaillancourt, 2001; Wu et al.,
2014) and experience (Ko & Newell, 2015; G. Williams et al., 2016). However, how
movement variability decays over time during resistance training over the course of
a training program, thus, how it affects players’ adaptive capacity, remains unclear.
Therefore, the aim of this study was to identify the changes of movement variability,
complexity index and movement velocity with training in resistance horizontal
forward-backward task without (NOBALL) or with the constraint of catching and
throwing a rugby ball in the forward phase (BALL) during a six-week training

program.

It was hypothesized that movement variability and complexity index would decrease
and movement velocity would increase over the course of a six-week training
program, especially when using the constraint of catching and throwing a rugby ball.
Conversely, the stabilization of movement variability, complexity index and

movement velocity can be used to identify an optimal moment to modify the task.
Materials and methods

Participants

Eleven elite male rugby union players from a professional team in the Spanish league
volunteered to participate in this study (mean = SD: age 25.5 + 2.0 years, height 1.83
+0.06 m, body mass 95 + 18 kg, rugby practice 14 + 3 years). All players were asked
to avoid strenuous exercise during the study and informed about the procedures and
possible risks while giving their informed consent before their admission. No players
had any injuries through the study duration and the procedures complied with the
Declaration of Helsinki (2013) and were approved by the local ethics committee
(21/20118/CEICEGC).
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Design

The study was performed over six weeks. A recent meta-analysis about effects of
flywheel training on Strength-Related Variables, show that the majority of these
studies were period of training between 5-10 weeks (Petré, Wernstal, & Mattsson,
2018). However, more concretely another recent study show that 4 weeks could be
enough time to show muscle adaptation in flywheel resistance training (Illera-
Dominguez etal., 2018). Further, in horizontal inertial flywheel training more
similarity to our study (de Hoyo etal., 2015; Gonzalo-Skok et al., 2016) found
differences in power and functional performance in 6 and 8-week period training. So,
for these reason we hypothesize that 6 week could be enough time form find
significant differences in both variables, movement velocity and movement
variability. Since the players had no previous experience with this device, prior to the
experiment, participants underwent to a familiarization session in which the
horizontal movement with an inertial flywheel device was performed at a
submaximal intensity in two conditions (BALL and NOBALL). When performing
the BALL condition, an expert player made a pass from the right side two meters
away. The participant caught the ball over the forward movement, synchronized with
the first step (Figure 19). Then, during the second step the participant passed the ball
to another expert player standing two meters away at the other side. Emphasis was
placed on the importance of keeping the inertial flywheel rope tight. The training
protocol was performed once a week during six weeks and consisted of a previous
warm-up, where the players performed five minutes of cycle ergometer, five minutes
of general active mobility, two progressive sprints of ten meters, ten movements at
maximum speed forward and backward of four meters and five movements of
maximum speed with changes of direction of three meters. Afterwards, the
participants performed randomly eight repetitions of NOBALL and BALL with three
minutes of rest between exercises. In the first two repetitions the intensity was
progressively increased, while the last six were performed at maximal voluntary

effort. During data collection, participants did not receive any verbal information on
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the quality of the movement performed or the outcomes of the test. Data collection

took place during the competitive season.

Figure 19. Horizontal movement with an inertial flywheel device with BALL (bellow)
and NOBALL (above).

Procedures

The inertial flywheel device (Byomedic System SCP, Barcelona, Spain) consists of
a metal flywheel (diameter: 0.42 m) with up to 16 weights (0.421 kg each weight),
which can be added along the top edge of the flywheel perimeter. The device is
comprised of a cone attached above a flywheel, and as the axle spins, a rope winds
and unwinds around the cone. The concentric action unwinds the rope and the
eccentric action occurs during rewinding. The force applied in the eccentric action to
bring the flywheel to a stop will rely on the kinetic energy generated during the
concentric action (Vicens-Bordas etal., 2018a). To change the resistance to
movement, the moment of inertia can be modified by adding any number of the 16
weights to the edge of the flywheel and also by selecting one of the four positions

(P1, P2, P3 or P4) by changing the location of the pulley that is close to the cone.
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Position 1 and 16 weights were selected for this study, because these can generate the
highest levels of mean force (Vazquez-Guerrero, Moras, Baeza, Rodriguez-Jiménez,
etal., 2016). The moment of inertia for the flywheel was 0.27 kg-m?. Movement
velocity was measure by a rotational encoder (Chronojump, Barcelona, Spain) which

measures the spinning velocity of the axis of the flywheel device.

The participants’ acceleration performed in both conditions was measured using the
inertial measurement unit WIMU (Realtrack Systems, Almeria, Spain), with
processing capability consisting of a 3D accelerometer recording at 1000 Hz. The
accelerometer was placed on an elastic waist belt close to the sacrum of each player.
This position provided the best indication of whole body movement, as the location

is close to the player’s centre of mass (Montgomery et al., 2010).

Four repetitions of the NOBALL and BALL conditions were considered for further
analysis. Each sample record contained 13879 + 1900 data points for NOBALL and
14703 + 1804 for BALL. In addition, the raw signal was obtained from the system
specific software (WIMU Software, Realtrack Systems SL, Almeria, Spain) to
calculate total acceleration (at) based on summation of vectors in three dimensions,
mediolateral (x), anteroposterior (y) and vertical (z) (Moras et al., 2018). The mean
velocity recorded for the same four repetitions, register with rotary axis encoder and

analysed with the software of chronojump (Chronojump, Barcelona, Spain).

The acceleration data were used to calculate entropy measures across a single time
scale (sample entropy, SampEn) and across a range of time-scales (multiscale
entropy, MSE), according to Chen, Solomon, & Chon (2006) and Costa, Goldberger
& Peng (2002), using dedicated routines written in Matlab® (The MathWorks,
Massachusetts, USA). Also, the Complexity Index (Gow et al., 2015) was calculated
as the area under each of the MSE curves to provide information into the integrated
complexity of the system, over the time scales of interest (Busa & van Emmerik,
2016; Hansen et al., 2017). The mean velocity recorded from the encoder was also

included in the analysis.
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Statistical Analysis

Data normality and homogeneity was assessed using Shapiro-Wilk and Levene tests,
respectively. Data analyses were performed using PASW Statistics 21 (SPSS, Inc.,
Chicago, IL, USA). The level of statistical significance was set at p < 0.05. The
response variable (SampEn, complexity index and mean velocity) were analysed
using a repeated measure analysis of variance (ANOVA) to address the main and
interactive effects between weeks, comparing the baseline (weekl) with all other

weeks.

The comparisons were also assessed via standardized mean differences (Cohen’s d)
and respective 90% confidence intervals. Thresholds for effect sizes statistics were
<0.20, trivial; 0.20-0.59, small; 0.6-1.19, moderate; 1.20-1.99, large; and >2.0, very
large (William Hopkins et al., 2009). Movement velocity and Complexity Index
values under BALL and NOBALL conditions were also adjusted to a third-degree
polynomial for a better visualization of these variables in summarizing the effects of

the six-week training protocol.
Results

The individual trends, average and standard deviation across the six weeks for
SampEn and movement velocity in BALL and NOBALL conditions are shown in
Figure 20. SampEn presented higher values in the first four weeks for BALL and in
the last two weeks for NOBALL (Figure 20a, 20c and 20e). However, movement
velocity presented higher values across the whole training period for NOBALL

although the values were similar in the last two weeks (Figure 20b, 20d and 20f).
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Figure 20. Individual trends, average and standard deviation. SampEn and velocity in
BALL (a)(b) and NOBALL (c)(d) compared between the baseline (week 1) and last
week (week 6). Group average and standard deviation for SampEn (e) and velocity (f)

in both conditions.
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When SampEn was compared between the baseline (week 1) and the subsequent
weeks in BALL condition, there were no significant changes but moderate effects in
the first four weeks, significant changes in fifth week (p=0.015) with moderate effects
and significant changes in the last week (p=0.007) with a large effect (Figure a). By
contrast, there were no significant differences in NOBALL conditions between weeks
(Figure 21a). Also, when movement velocity was compared between the baseline
(week 1) and the subsequent weeks in BALL condition, there were significant
changes in third (p=0.010), fourth (p=0.045), fifth (p=0.029) and sixth (p=0.047)
weeks with moderate and large effects (Figure 21b). For NOBALL condition there
were significant changes in third (p=0.012), fourth (p=0.048), fifth (p=0.027) and
sixth (p=0.025) weeks with moderate effects (Figure 21b).
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Figure 2l1a. Standardised Cohen’s differences between the baseline (week 1) and the
subsequent weeks for SampEn in both conditions. Error bars indicate uncertainty in
true mean changes with 90% confidence intervals. Also, the significant differences were
shown as * p<0.05 and ** p<0.01. VL: Very Large; L: Large; M: Moderate; S: Small.
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Figure 21b. Standardised Cohen’s differences between the baseline (week 1) and the
subsequent weeks for velocity in both conditions. Error bars indicate uncertainty in true
mean changes with 90% confidence intervals. Also, the significant differences were
shown as * p<0.05 and ** p<0.01. VL: Very Large; L: Large; M: Moderate; S: Small.

When complexity indexes were compared between the baseline (week 1) and the
subsequent weeks in BALL condition, there were significant changes for every week
(p < 0.05), except with the fourth period. By contrast, there were no significant
differences in NOBALL conditions between the training weeks. The results from the
complexity index and movement velocity are presented in Figure 22, smoothed using

a third-degree polynomial for a better visualization. There were higher levels of

2
Standardized (Cohen) differences + 90%IC

o
[N S

complexity in BALL conditions, specifically in the first three weeks.
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Figure 22. Complexity indexes and movement velocity values. BALL and NOBALL

conditions adjusted to a third-degree polynomial.

Discussion

This study aimed to identify how movement variability and movement velocity
changes during six weeks of training including a resistance horizontal forward-
backward task without (NOBALL) or with the constraint of catching and throwing a
rugby ball in the forward phase (BALL) during a six-week training program. In
general, the results suggested that movement velocity and movement variability were

adapted to the constraints after 4 weeks of training.

The baseline values at week 1 showed higher movement variability in BALL when

compared to NOBALL condition, supporting results recently reported (Moras et al.,
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2018) . It was also possible to identify that movement variability remained higher
until the fifth week of training, showing that using the ball as a constraint during this
functional resistance training exercise demands higher levels of coordination
patterns, stimulating the beneficial and adaptive aspects of variability in system

function(van Emmerik & van Wegen, 2002).

The results also showed that movement variability across the six-week training period
had a moderate and large reduction from the week 1 to week 6 and significative
decrease in the weeks 5 and 6 for BALL condition. This decrease might be due to an
improved ability to control the coordination of the ball pass through practice (Ko &
Newell, 2015; G. Williams et al., 2016). Based on the principle of optimality, sensory
estimation could minimize uncertainty across optimal integration, and minimize

variability in motor output through optimal control (Bays & Wolpert, 2007).

After four weeks of training, there was a stabilization on the BALL condition was
noted not only in a single temporal scale, as evidenced by SampEn values, but also
when different temporal scales are considered, as seen in the complexity index
results. The complexity index represents how systems are integrated from its lowest
(organic) to highest (systemic) scale levels. When constraints are applied to resistance
training, there seems to be changes in the system coordination patterns(Moras et al.,
2018; Oliveira etal., 2013), however, the training process seems to regulate
movement stability and adaptability(van Emmerik & van Wegen, 2002) to the point
where the motor system is adapted to the environmental perturbations. The present
study reports evidence that corroborates on the beneficial and adaptive aspects of
variability during resistance training(van Emmerik & van Wegen, 2002) but, most
importantly, reports details about the time-course of the effects related to the use of
these different and unusual constraints. The results showed that four weeks were
enough time to the task constraint to becomes too predictable for the players,
therefore, not requiring substantial organic adaptations. Note that, after four weeks
of resistance training, the complexity index was similar for both conditions, whereby

the application of the constraints loses its effect and exercise tasks should be
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modified. Although the assessment of movement variability provides information
about coordinative adaptations, during resistance training, the velocity at which a
given load is displaced determines the strength and power adaptations at the muscular
level (Bautista et al., 2016).

As expected in NOBALL condition, the movement velocity output was higher than
BALL, possibly due to the lower level of coordination required to perform the task.
However, using match specific constraints during resistance training reach more
improvement between weeks. While NOBALL has higher dependency on players’
capacity of improving force and velocity, BALL demands a higher level of motor
skill, because it involves the coordination of carrying a ball while developing rapid
accelerations. After three weeks of resistance training there are significant differences
in the velocity for both conditions compared with the week 1. Nevertheless, from
week 4 to the end of the 6-week training period, the movement velocity did not
change with training with or without the ball constraint. Thus, the result found in the
current study suggest that velocity adaptations are reached before than movement
variability, maybe because neuromuscular adaptations to human velocity and human
variability are associated with different regulatory mechanism (Hedayatpour & Falla,
2015). In team sports the effectiveness of resistance training to improve sport
performance, depends upon the process of adaptations in terms of temporal structure
changes (movement variability) and output performance magnitude (movement
velocity). Therefore, the present study provides evidence that might better guide the
training process, establishing optimal challenging points for resistance exercises and

combining physical and coordinative tasks.

A previous study showed how entropy measures detect increased movement
variability in resistance training when use the ball like a constraint(Moras et al.,
2018). The present study helps to understand how the learning process inherent to a
period of functional resistance training using ball constraint change the variability of
the acceleration and affect performance across time. This study shows how entropy

serves as an alternative tool to identify not only the changes in movement variability,
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but its time-course during a training period. This way, the trainers can structure the
exercises to enhance players’ performance according to the field tasks and match
demands required (McLaren, Weston, Smith, Cramb, & Portas, 2016) by efficiently

combining physical and coordinative capacities in resistance training.
Limitations

One of the main limitations of the current study was the low sample size (n = 11) and
all of these players belonged to the same club. Nevertheless, these were expert players
the maximum level of competition in Spain. Rugby Union is a team sport with high
levels of injury (Ball, Halaki, & Orr, 2017), especially at maximum level (Yeomans
etal.,, 2018), therefore, completing the training protocol during six weeks
continuously in the competitive season period with enough healthy players was

already an important milestone achieved.
Conclusions

Six weeks of resistance training decreases movement variability and increases
velocity especially when catching and throwing a rugby ball. Despite that, the success
in the application of tasks constraints might be compromised after four weeks of
training. Coaching staffs can consider this moment as the key to decide modifying
the task.

Practical implications

(1) Entropy measures can be used as a way of evaluating the ongoing
appropriateness of an exercise stimulus to optimise adaptation. Entropy
measures can be used by strength and conditioning coaches to identify when
exercise tasks should be modified to trigger further adaptations.

(2) Entropy can help to identify the optimal challenge point, therefore
maintaining movement variability and preventing a plateau in exercise

adaptations. The use of the ball during a functional resistance training task
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will result in higher trainability, especially during the first four weeks. This
is due to the increased complexity of the exercise.

(3) Strength and conditioning coaches should consider the inclusion of the ball
when targeting the development of coordination within a periodised training

programme.
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6. Discusion comun

Los resultados obtenidos a partir de los estudios de esta tesis doctoral, son solo el
primer paso en la monitorizacion de la fuerza de tareas con predominio de caracter
coordinativo. Debemos seguir avanzando en esta linea hasta desarrollar y validar los
diferentes algoritmos y herramientas para poder controlar la evolucion del
entrenamiento de la fuerza a través de todos sus niveles de aproximacion y asi
establecer los cambios de niveles y agrupaciones en base a datos objetivos e

individualizados.

Pese a que en los diferentes estudios los resultados ya han sido discutidos de manera
individual en cada uno de sus apartados, en este capitulo se pretende hacer una
propuesta de aplicacion practica de los resultados de los estudios al entrenamiento de
fuerza en los deportes de equipo. Para facilitar su discusion, seguimiento y desarrollo

la hemos dividido en 3 apartados.

6.1. La variabilidad de movimiento para evaluar el
entrenamiento de fuerza en los deportes de
equipo.

Basandonos en el nuevo paradigma del entrenamiento de la fuerza centrado en el
movimiento humano como eje vertebrador de la misma (Tous en Seirul-lo, 2017),
poder medir la variabilidad de movimiento humano durante los ejercicios ayudara a
los preparadores fisicos a establecer una progresion de tareas con diferentes
condicionantes (Estudio 1), individualizar las tareas por posiciones y acciones de
juego (Estudio 2) y detectar cudndo una tarea se ha vuelto demasiado previsible para
el jugador (Estudio 3). Pero la clave esta en aprender a interpretar y contextualizar
estos valores de variabilidad (Birklbauer, 2019; Hossner, Kach, & Enz, 2016;
Stergiou et al., 2006), no solo en medirlos, ya que un valor alto o bajo de variabilidad
de movimiento pueden significar cosas diferentes en funcion del contexto y las
condiciones en las cuales lo estemos midiendo. En esta tesis, la herramienta empleada

para medir esta variabilidad de movimiento ha sido la entropia, que ha demostrado
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ser una herramienta Gtil para detectar cambios en dicha variabilidad al introducir un
balén como condicionante en la tarea (Estudio 1), entre posiciones y fases de juego
(Estudio 2) y a lo largo de 6 semanas de entrenamiento en tareas pertenecientes a
diferentes niveles de aproximacion (Estudio 3). Sin embargo, como se puede apreciar
a partir del analisis conjunto de todos los estudios, un valor de entropia por si solo no
nos da informacién suficiente para saber si un estimulo supone un desafio excesivo,
insuficiente o adecuado para el deportista, sino que debe ser contextualizado y
comparado con los valores de ese mismo jugador y de su equipo en una tarea en
concreto, atendiendo a criterios como su nivel de aproximacion o la agrupacion a la
que pertenece (Estudio 1), nmero de series, repeticiones y descansos programados
en el ejercicio (Estudio 2) y el nivel de novedad que tiene esa tarea para el deportista

en cuestion (Estudios 2 y 3).

Asi, por ejemplo, un aumento del nivel de variabilidad puede obtenerse a través de la
incorporacién de un condicionante en la tarea (Estudio 1) que obligue al deportista a
buscar maneras de resolver esas situaciones (Aradjo, D.; Davids, K.; Bennett, S.;
Button, C.; Chapman, G. en A. M. Williams & Hodges, 2004, Capitulo Emergence
of sport skills under constraint) lo cual, seguin algunos autores, puede provocar la
activacion de un area mas amplia del tejido muscular y reducir el riesgo de lesiones
por sobrecarga o uso repetitivo («Load, Overload, and Recovery in the Athlete: Select
Issues for the Team Physician-A Consensus Statement.», 2019). Por otra parte,
también puede suponer un desajuste coordinativo por falta de experiencia del
deportista (Estudio 2).

Del mismo modo, una disminucion del nivel de variabilidad puede tener diferentes
lecturas en funcion del contexto, pudiendo ser el resultado de un aumento de la fatiga
y por lo tanto una mayor rigidez en el movimiento y/o una reduccion de sus grados
de libertad (backs en el Estudio 2) o un desafio demasiado bajo y predecible para el
deportista, ya sea por ser un movimiento muy repetido durante los entrenamientos y
competiciones (forwards en el Estudio 2) o por la simple repeticion de una misma

tarea a lo largo de varias semanas de entrenamiento (Estudio 3).
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Por lo tanto, podemos defender la existencia de una relacion entre la variabilidad de
movimiento y el concepto de entrenabilidad (Figura 23), entendida como el grado de
adaptacion a las cargas de entrenamiento que, como sabemos, es una magnitud
dindmica que depende de varios factores internos y externos (Weineck, 2005). Asi,
al relacionar variabilidad de movimiento y entrenabilidad, podemos diferenciar

cuatro combinaciones distintas:

1. Altavariabilidad y alta entrenabilidad (a). Las tareas pertenecientes a este
nivel las consideramos adecuadas para el entrenamiento de la fuerza,
especialmente si nos interesa enfatizar la estructura coordinativa. Se da,
fundamentalmente, en situaciones donde la tarea es novedosa para nuestros
deportistas, ya sea por la introduccién de un condicionante externo (Estudio
1) o por el grado de familiarizacion de los deportistas con la tarea (backs en
el Estudio 2).

2. Baja variabilidad y alta entrenabilidad (b). En general, una baja
variabilidad de movimiento implicara un nivel pobre de estimulacién y por
lo tanto también de entrenabilidad, al menos a nivel coordinativo. Pero
debemos analizar las condiciones por las cuales se ha llegado a ese nivel bajo
de variabilidad para entender que en ocasiones puede presentar una alta
entrenabilidad. Este es el caso cuando la baja variabilidad de movimiento
obtenida viene dada por niveles elevados de fatiga (backs en el Estudio 2).
En esta situacion pretendemos entrenar el movimiento deportivo (fuerza
coordinativa) en condiciones de elevada fatiga con el objetivo de mejorar las
prestaciones de los deportistas en el juego, sobre todo en los Gltimos minutos
del primer y segundo tiempo o en fases muy exigentes del juego. No obstante,
gueremos resaltar que este tipo de entrenamiento debe dosificarse
adecuadamente en los entrenamientos debido al alto grado de rigidez que
presentan los deportistas al llegar esa fase y que puede aumentar el riesgo de

lesion (Cortes etal., 2014). Por otro lado, si el objetivo de la tarea es
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fundamentalmente condicional, una baja variabilidad de movimiento nos
permitira alcanzar una velocidad de ejecucion superior (Estudio 3).

Baja variabilidad y baja entrenabilidad (c). Es la situacion en la cual se
recomienda modificar la tarea afiadiendo algun condicionante. Puede darse
por la repeticion sistematica de la tarea a lo largo de varias semanas (Estudio
3) o por el simple hecho de ser un movimiento deportivo que el deportista
tiene totalmente dominado a nivel coordinativo y por tanto no supone un
desafio para él (forwards en el Estudio 2).

Alta variabilidad y baja entrenabilidad (d). Normalmente una alta
variabilidad se asocia a una alta entrenabilidad. No obstante, en algunas
situaciones no deseadas como es el caso de las lesiones deportivas o ciertas
patologias podemos situarnos en este contexto de alta variabilidad y baja
entrenabilidad. Debemos considerar esta situacion como transitoria, pues el
objetivo prioritario en este caso es el de recuperar los niveles de prestacion
gue tenia el deportista antes de la lesion lo antes posible. (Bartsch et al., 2007,
Georgoulis, Moraiti, Ristanis, & Stergiou, 2006; Hausdorff etal., 1997;
Meardon et al., 2011; Sadnicka et al., 2018; Vaillancourt & Newell, 2002).



6. Discusion comun

ENTRENABILIDAD

Lesion
Patologias

A4

VARIABILIDAD DE MOVIMIENTO +

Figura 23. Relacién entre entrenabilidad y variabilidad de movimiento. a, representa
una alta variabilidad de movimiento y una alta entrenabilidad; b, baja variabilidad de
movimiento y alta entrenabilidad; c, baja variabilidad de movimiento y baja
entrenabilidad; d, alta variabilidad de movimiento y baja entrenabilidad. * Estudio 1;

**Estudio 2; *** Estudio 3.
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6.2. De la estructura condicional y bioenergética a la

estructura coordinativa

Tradicionalmente el entrenamiento de la fuerza en los deportes de equipo se ha
focalizado en la estructura condicional y bioenergética pensando solo en grupos
musculares y no tanto en el movimiento deportivo que estos debian realizar durante
la accion competitiva. Ademas, utilizaba normalmente ejercicios cerrados y muy
previsibles para los deportistas. Dado que una de las propuestas de este entrenamiento
de fuerza basado en el movimiento es enfatizar la estructura coordinativa durante las
tareas de fuerza, una herramienta muy util para hacerlo es la introduccién de
condicionantes en la tarea que sean de caracter coordinativo, como un baldn (Estudios
1y 3). Esto permitird cambiar la estructura de la tarea convirtiéndola en menos
predecible y aumentando la variabilidad de movimiento del deportista para conseguir
una alta entrenabilidad (Figura 23a), enfatizando la estructura coordinativa en las
tareas de fuerza que podemos realizar en el gimnasio. Sin embargo, a base de
entrenarlos, estos condicionantes pierden ese efecto «perturbador» y las tareas se
acaban convirtiendo nuevamente en demasiado predecibles para el deportista,
entrando en baja variabilidad y baja entrenabilidad (Figura 23c) y perdiendo esa
predominancia de la estructura coordinativa pese a utilizar un condicionante
coordinativo (Estudio 3). Cuando esto pasa, debemos modificar de nuevo la tarea

variando la naturaleza del condicionante.

6.3. Laestructuracion del entrenamiento de fuerza en
base a los niveles de aproximacion y sus

agrupaciones.

Una propuesta para estructurar el entrenamiento de fuerza basado en el movimiento,
pero cubriendo un amplio espectro de las necesidades fisicas, coordinativas y

cognitivas del deportista, es la estructuracion en base a los niveles de aproximacion
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6. Discusion comun

y sus agrupaciones explicadas en el marco teérico (ver paginas 41-46). Esta propuesta
fue originalmente desarrollada por Gerard Moras (1994), y pese a que lleva muchos
afios siendo utilizada en multitud de clubs y selecciones de alto nivel, no existian
estudios cientificos al respecto posiblemente por la falta de herramientas para
monitorizar otras estructuras mas alla de la condicional dentro del entrenamiento de
la fuerza. Por lo tanto, para estructurar el entrenamiento de fuerza en base a estos
niveles, es importante entender, por un lado, la relacion de los niveles y sus
agrupaciones con las diferentes estructuras del deportista y, por otro lado, mediante
qué variables y técnicas de anélisis (lineales y no lineales) debemos monitorizar los
gjercicios segun el nivel o agrupacion que estamos trabajando (ver Figura 7), para
establecer cuando cambiar de nivel o agrupacion. En las Figuras 24 y 25 podemos
ver la relacidn entre estos conceptos. Pese a que en esta tesis solo se han abordado
los N1y N3y la Al-3, se ha intentado hacer una propuesta metodolégica para todos
los niveles y agrupaciones. Para facilitar el analisis, y dado que lo que ahi se explica
son tendencias sobre las cuales siempre podran existir matices, se han reducido las
estructuras a las que siguen una clara tendencia para cada nivel o agrupacion mientras
gue el resto pueden ser mucho mas abiertas. De la misma manera, las variables para
monitorizar han sido reducidas a las que consideramos mas adecuadas para cada
orientacion predominante en el entrenamiento (condicional, coordinativa o
cognitiva). Asi, por ejemplo, cuando pasamos de un ejercicio de N1 a una agrupacion
1-3, hemos podido comprobar la utilidad que puede tener la evaluaciéon del
movimiento a través de acelerometria y su analisis posterior a través de métodos no
lineales como la entropia para detectar posibles cambios a nivel coordinativo
(Estudios 1y 3), lo cual muestra el potencial que tienen estas formas de evaluacion
del movimiento cuando predomina la estructura coordinativa en las tareas de fuerza
propuestas (Estudios 1, 2 y 3). Esto no quiere decir que las herramientas que se
estaban empleando hasta el momento en la monitorizaciéon del entrenamiento de
fuerza y su andlisis lineal no sean dtiles, sino que simplemente deben ser
complementadas. Escoger adecuadamente el tipo de herramienta utilizada para medir

los ejercicios de un determinado nivel de aproximacién o agrupacion (ver Figuras 7,
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24 y 25) nos permitird detectar el momento en que la variabilidad de movimiento se
estanca y, por consiguiente, deberiamos proponer modificaciones en la tarea (Estudio
3).

NO || N1 | N2 |{ N3 H N4 | N5

Condicionaly Bioenergética - - [[[D} .:I} -} [[[D}
Coordinativa I:D:I} .]:I} [[[I:I} ” ! [[[D]

Cognitiva [I:D:I} I:D]} [I:D:I} I:D:I} -} [[[D}

Fuerza, Potencia, Velocidad - -} [[[I:I} .]:I} .:[I} [[D:I}
Variabilidad de movimiento I:I]:I} .]:I} [[[D} ! -} [[[I:I}
Variablestacticas [I:D:I} [I:D:I} D:D]} I:I]:I} - [[[D}

Estructuras

Variablesa
monitorizar

Figura 24. Relacién entre los niveles de aproximacion, las estructuras y las variables a
monitorizar. La carga de la bateria representa el grado de importancia que tiene esa

estructura y estas variables a monitorizar dentro de cada nivel.
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Figura 25. Relacién entre las agrupaciones, las estructuras y las variables a monitorizar.
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La carga de la bateria representa el grado de importancia que tiene esa estructura y estas

variables a monitorizar dentro de cada agrupacién.
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Para abordar la planificacién del entrenamiento de fuerza en base a los niveles de
aproximacion y sus agrupaciones proponemos 3 fases (Figura 26), las cuales no
tienen por qué trabajarse de manera totalmente analitica ni aislada, sino que se pueden
solapar durante la temporada e incluso dentro del propio microciclo. Habrd una
primera fase donde encontraremos las adaptaciones a nivel micro, con trabajos de NO
y N1 y predominio de las estructuras condicional y bioenergética. Es un
entrenamiento que realizamos en el gimnasio y que estaria mas relacionado con el
entrenamiento tradicional de fuerza en los deportes de equipo. La segunda fase es la
gran olvidada y, sin embargo, creemos que es una fase fundamental para una
completa preparacion de nuestros deportistas. Se produciran las adaptaciones a nivel
meso, con trabajo de N2 y N3 y de todas las agrupaciones (Al-3, Al-4, A2-3, A2-4).
Ganan peso la estructura coordinativa y cognitiva equiparandose con la condicional
y bioenergética. Son tareas que se realizan en el gimnasio, especialmente las
agrupaciones A1-3 y Al-4, pero también en el campo con pequefios lastres en el caso
de toda la familia de ejercicios relacionados con el N2 y con peso corporal en el caso
del N3. Esta fase es uno de los grandes diferenciadores con el entrenamiento mas
clasico de fuerza en deportes de equipo, y por eso es en la que mas se ha querido
incidir en esta tesis. De esta manera, comprobamos cémo cambiando de un N1 (fase
1) a una Al-3 (fase 2) cambia la estructura del ejercicio aumentando la variabilidad
e imprevisibilidad del mismo de manera transversal y longitudinal (Estudios 1y 3) y
la importancia dentro del trabajo de fuerza coordinativa en un N3 de individualizar
las tareas por posiciones y caracteristicas del juego debido a la alta correspondencia
dindmica del gesto que trabajamos con el de la competicién (Estudio 2). Por ltimo,
entramos en la fase 3, con las adaptaciones a nivel macro, con N4 y N5 y gran
implicacién de todas las estructuras similares a lo que ocurre durante la competicion.
Son tareas de campo, con predominio técnico-tactico, no tienen relacién con ninguno
de los estudios de la tesis, ya que estarian mas alejados del entrenamiento de fuerza.
No obstante, es una linea interesante de futuro en la cual incidir para entender las
diferencias entre tareas de campo y la relacién que estas pueden tener con los niveles

anteriores.
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FASE 3

Macro

ADAPTACIONES A
MACROESCALA

FASE 2 +  TODAS LAS

ESTRUCTURAS***

r

NIVEL DE ADAPTACION
Meso

ADAPTACIONES A * TAREAS DE CAMPO
MESOESCALA

+  AGRUPACIONES 1-3,1-4.2-3 v
FASE 1 24

ADAPTACIONES A * E. CONDICIONAL**

MICROESCALA E. BIOENERGETICA**

Aok
B SONDISI R E. COORDINATIVA***

ek
E. BIOENERGETICA E. COGNITIVA*

A *
E. COORDINATIVA ENTRENAMIENTO DE

ENTRENAMIENTO DE FUERZA (GYM Y CAMPO)
FUERZA (GYM)

Micro

v

NO Nl N2 N3 N4 N5
NIVEL DE APROXIMACION DEPORTIVA

Figura 26. Relacidn entre el nivel de adaptacion (de micro a macro) y los niveles de

aproximacion (del 0 al 5), con sus diferentes fases.

Por ultimo, en la Tabla 5 se presenta un resumen de esta estructuracion del
entrenamiento de fuerza en base a los niveles, con las estructuras predominantes,
principales variables a monitorizar y sus herramientas de andlisis, asi como la
relacién con la fase entrenamiento y nivel de adaptacién que se ha producido en los
diferentes estudios de la tesis doctoral. Dada la similitud de los estudios 1y 3 desde
esta perspectiva de analisis, se han agrupado para simplificar el esquema. Asi,
podemos observar como el predominio de la estructura condicional y bioenergética
nos llevara a monitorizar variables como los cambios en la aceleracion o velocidad
de ejecucion a través de un andlisis lineal como los valores medios o valores picos
para entender esas microadaptaciones a nivel de fuerza. Mientras que un predominio
de la estructura coordinativa nos llevara a analizar la variabilidad de movimiento a
través de herramientas de analisis no lineales como la entropia para entender estas

mesoadaptaciones a nivel de fuerza coordinativa.
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Tabla 5. Resumen de la estructuracion del entrenamiento de fuerza en base a los niveles, estructuras, variables a monitorizar,

herramientas de analisis y fases de entrenamiento de los diferentes estudios de la tesis.

Tesls
Estudioly 3 Estudio 2
Nivel o Agrupacion N1& Al-3 N3
EStrUCturas Condicional y Bioenergética Coordinativa Coordinativa
protagonista
Variables a Aceleracion del movimiento Variabilidad de Variabilidad de
monitorizar Velocidad de ejecucion movimiento movimiento
H,err@mientas d~e Pico (lineal) Media (lineal) Entropia (No lineal) Entropia (No lineal)
analisis de la sefial
( 4 A
Fase del Fase 1 Fase 2 Fase 2
entrenamiento Microadaptaciones Mesoadaptaciones Mesoadaptaciones
\ \ J | S
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6.4. Lineas de futuro.

Los resultados de esta tesis son solo un pequefio grano de arena para entender que
debemos utilizar diferentes sensores para monitorizar los diferentes niveles o
agrupaciones y tomar las decisiones de cambios de fase de entrenamiento con valores
objetivos. Pero con esta tesis solo se ha podido abordar una parte de la fase 1y 2,
resaltando la importancia de las tareas de esta fase intermedia que son un elemento
diferenciador con respecto a la inicial y que prepararan al deportista de manera mas
completa para las tareas de campo y la competicién deportiva. Queda mucha
investigacion por hacer en esta linea, y también queda pendiente entender qué sucede
con diferentes combinaciones de niveles, agrupaciones y fases, asi como seguir
buscando diferentes herramientas de monitorizacion y su posterior analisis lineal y
no lineal para comprender como se estdn adaptando nuestros deportistas a los
diferentes movimientos propuestos desde los niveles mas generales hasta el juego

real.
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7. Conclusiones

Analizar la variabilidad de movimiento a través de la entropia tendra un rol
fundamental en el control y programacion de tareas de fuerza en los deportes de
equipo, especialmente cuando estas tengan una predominancia coordinativa basada

en el movimiento deportivo.

Dadas las caracteristicas temporales de las tareas de fuerza en los deportes de equipo,
1000 Hz seré una frecuencia adecuada para registrar los ejercicios seleccionados en
los estudios de esta tesis. El uso de condicionantes en las tareas de fuerza provocara
cambios en la variabilidad de movimiento a través de multiples escalas temporales
generando adaptaciones a lo largo de 4 semanas. La predominancia mas condicional
0 coordinativa de una tarea de fuerza hard que debamos seleccionar diferentes
herramientas de monitorizacién y analisis para entender cuando la tarea se ha vuelto
predecible para nuestros deportistas, demandando la modificacién de la misma. Por
lo tanto, comprender el proceso no lineal y los cambios en la variabilidad de
movimiento inherentes a la manipulacion de variables en las tareas de fuerza y sus
adaptaciones motoras puede ayudar a los preparadores fisicos a mejorar la efectividad

del entrenamiento de fuerza en los deportes de equipo.
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Objectives: This study described the variability in acceleration during a resistance training task, performed
in horizontal inertial flywheels without (NOBALL) or with the constraint of catching and throwing a rugby
ball (BALL).

Design and methods: Twelve elite rugby players (mean 4 SD: age 25.6 +3.0years, height 1.82+0.07 m,
weight 94.0 + 9.9 kg) performed a resistance training task in both conditions (NOBALL AND BALL). Players
had five minutes of a standardized warm-up, followed by two series of six repetitions of both conditions:

i?c’g:-g;etry at the first three repetitions the intensity was progressively increased while the last three were performed
Rugby at maximal voluntary effort. Thereafter, the participants performed two series of eight repetitions from
Resistance training each condition for two days and in a random order, with a minimum of 10 min between series. The
Entropy structure of variability was analysed using non-linear measures of entropy.

Results: Mean changes (%; +£90% CL) of 4.64; +3.1 g for mean acceleration and 39.48; +36.63 a.u. for sample
entropy indicated likely and very likely increase when in BALL condition. Multiscale entropy also showed
higher unpredictability of acceleration under the BALL condition, especially at higher time scales.
Conclusions: The application of match specific constraints in resistance training for rugby players elicit dif-
ferent amount of variability of body acceleration across multiple physiological time scales. Understanding
the non-linear process inherent to the manipulation of resistance training variables with constraints and
its motor adaptations may help coaches and trainers to enhance the effectiveness of physical training
and, ultimately, better understand and maximize sports performance.

© 2018 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Sprinting ability is essential in many invasion team sports,
such as rugby.! One of its most important components is accel-
eration, which is the capacity of increasing and/or maintaining
speed.? Considering that the neuromuscular system is movement
and velocity-dependent,’ it seems consensual that training speci-
ficity is a key issue to develop the sprinting ability. In invasion
team sports, particularly, there are strong demands on players per-
formance when carrying, passing, receiving, kicking or throwing
balls to their teammates while sprinting, which adds substantial

* Corresponding author.
E-mail address: gmoras@gencat.cat (G. Moras).

https://doi.org/10.1016/j.jsams.2018.05.007

complexity to the tasks.* However, gym-based resistance training
programs traditionally aim to improve sprinting ability and mov-
ing on multiple planes, prioritizing the use of weights in vertical
actions, and rarely incorporate the use of a ball.”

The recent literature on skill acquisition encourages the use
of constraint-led approaches, in order to improve specificity
and develop challenging training environments, which increases
movement variability and adaptability.5 What is yet unknown
is how these constraints caused by specific, but complex, motor
demands affect the underlying dynamics of kinematic variables
and, ultimately, the performance outcomes. Most probably, the
conventional approaches that describe variability using linear mea-
sures, may not be able to reveal these relationships, once it provides
very limited information about how the motor control system
responds to changes, either within or between individuals.”

1440-2440/© 2018 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserved.
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The analysis of human movement has evolved to assess the
variability of a measure targeting the detection of changes in fluctu-
ations and spatiotemporal characteristics of outcomes. Within the
past 20 years, entropy analysis has become relatively popular as a
measure of system complexity and used to describe changes in pos-
tural control,® assessment of running,® human walking data,'? and
tactical behaviour in soccer.!! However, to our knowledge, entropy
analysis has not been applied to understand how the manipulations
of resistance training constraints affects the amount of complexity
of physical outcomes in team sports.

The multiscale entropy analysis has been suggested as a proper
method to address the complexity inherent to the biological sig-
nals, allowing to deal with the multiple spatial and temporal scales
in a time series, reflecting the multiscaled characteristic of the bio-
logical system operation.'?!? In fact, multiscale entropy integrates
the sample entropy (SampEn) method, which quantifies point-to-
point fluctuations of a time series in a single time scale, but over a
broad range of time scales through a coarse graining procedure.'> 4
The advantages on this method lies on the additional information
on the relationship between the levels of a biological system, as
well as the organization of athlete’s movement from a dynamical
system perspective.'®

Therefore, the aim of this study was to identify the differences in
the acceleration during a resistance horizontal forward-backward
task without (NOBALL) or with the constraint of catching and
throwing a rugby ball in the forward phase (BALL). It was hypothe-
sized that during the resistance training task, the addition of a ball
as a constraint, there might be changes in the resultant acceleration
of the players that can be detected and described by a non-linear
approach.

2. Methods

Twelve elite rugby players that integrate a professional team
at the Spanish league volunteered to participate in this study
(mean=+SD: age 25.6+3.0 years, height 1.82+0.07m, weight
94.0 +£9.9 kg). The team training schedule included four gym-based
resistance training sessions per week. The procedures complied
with the Declaration of Helsinki (2013) and were approved by the
local ethics committee (11/2015/CEICEGC).

The inertial flywheel device (Byomedic System SCP, Barcelona,
Spain) consists of a metal flywheel (diameter: 0.42 m) with up to 16
weights (0.421 kg), which can be added along the top edge of the fly-
wheel perimeter. The device is comprised of a cone attached above
a flywheel, and as the flywheel and cone spin, a rope winds and
unwinds around the cone. The concentric action unwinds the rope
and the eccentric action occurs during rewinding. The force applied
in the eccentric action to bring the flywheel to a stop will depend
on the kinetic energy generated during the concentric action.!® To
change the resistance to movement, the moment of inertia can be
modified by adding any number of the 16 weights to the edge of
the flywheel and also by selecting one of the four positions (P1, P2,
P3 or P4). For this study, the Position 1 and the 16 weights were
selected, in order to generate the highest levels of mean force.!”
The moment of inertia for the device was 0.27 kg m2.

The protocol was performed during four different days. Day one
was prior to the experiment, where the participants underwent to
a familiarization session with the inertial flywheel device during
the horizontal movement. When performing the BALL condition,
an expert player made a pass from the right side, two meters away.
The evaluated player caught the ball during the forward move-
ment, synchronized with the first step. Then, during the second
step the subject passed the ball to another expert player standing
two meters away at the other side. Emphasis was placed on the
proper technique and the importance of keeping the rope of the

device tight. In day two, the experimental protocol began with a
standardized warm-up, after which the optimal length of the rope
for performing horizontal movements with three steps backwards
and three steps forwards was obtained for each player. Thereafter,
the participants performed two series of four repetitions of the
NOBALL condition, with maximal voluntary effort, with a minimum
of 10 min between series. The average time duration (Tpeqn) of the
four repetitions was calculated and converted to the movements
rate (R) in beats per minute for each player, as in Eq. (1).'8

R = (60/Tmean) /2 (1)

Subjects were instructed to synchronize the forward and back-
ward horizontal movements with the rate established using the
metronome. Days three and four were dedicated to the task. Each
player had five minutes of a standardized warm-up, followed by
two series of six repetitions of both conditions. The intensity of
the first three repetitions was progressively increased, while the
last three repetitions were performed at maximal voluntary effort.
Afterwards, the participants performed two series of eight repeti-
tions of each condition (for two days and in a random order) with
a minimum of 10 min rest between series. During data collection,
players did not receive any verbal information on the quality of the
movement or the outcome of the test.

The acceleration of the rugby players under both conditions was
measured using an inertial measurement unit (WIMU, Realtrack
Systems, Almeria, Spain), with a 16 Hz processing capability, that
consists of a5 Hz Galileo GPS positioning device, a 3D accelerometer
100G recording at 1000 Hz, a 3D gyroscope recording at 1000 Hz, a
3D magnetometer recording at 100 Hz, and a barometer at 120 kPa.
The accelerometer was attached to the player using an elastic waist
belt close to the sacrum. This position provided the best indi-
cation of whole body movement, as the location is close to the
player’s center of mass.'® A portable high-speed camera (Casio
Exilim EX-ZR100) recording at 240 fps was also used to synchronize
the accelerometry signal with the movement phases.

Four repetitions obtained from both conditions were considered
for the analysis. The acceleration time-series data were divided into
two consecutive intervals for each repetition (forward and back-
ward movement) and analysed separately for each subject. Mean
acceleration, sample entropy (SampEn) and multiscale entropy for
the acceleration of the global, forward and backward movement
were calculated.

The acceleration (at) was calculated by the Eq. (2):

at = +/z2 +y2 +x2 (2)

The calculation of SampEn and multiscale entropy was done
according to Goldberger et al.2 and through dedicated routines
programmed in Matlab® (The MathWorks, Massachussets, USA).

A Mann-Whitney non-parametric test was used to compare the
SampEn of the original time series and its surrogates, in order to
verify if the variability found in the data is not only the prod-
uct of random noise.” Magnitude-based inferences and precision
of estimation were used to analyse the data.?! Prior to the com-
parisons, all processed variables were log-transformed to reduce
the non-uniformity of error. A descriptive analysis was performed
using mean and standard deviations for the mean and maximal
acceleration, as well as SampEn (the presented mean is the back-
transformed mean of the log transform).

Differences between the different constraints and movement
directions were expressed in percentage units with 95% con-
fidence limits. Smallest worthwhile differences were estimated
from the standardized units multiplied by 0.2. Uncertainty in the
true differences of the scenarios was assessed using non-clinical
magnitude-based inferences. Also, the comparisons were assessed
via standardized mean differences and respective 95% confidence
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intervals. Thresholds for effect 4 sizes statistics were 0.2, trivial;
0.6, small; 1.2, moderate; 2.0, large; and >2.0, very large.??

3. Results

Rugby players reached peak acceleration values
(mean +standard deviation) of 3.28+1.16g, 297+1.24g,
2.77+0.6g for NOBALL global, forward and backwards move-
ments and 3.2+0.57g, 3.19+0.58¢g, 2.53+0.3g for BALL global,
forward and backwards movements, respectively. The peak
acceleration for NOBALL global, forward and backwards move-
ments were 1.11+£0.06g, 1.07 £0.04 g, 1.12+0.11 g, respectively,
while for BALL global, forward and backwards movements were
1.1+£0.05g,1.1+0.06g, 1.17 +0.07 g, respectively. SampEn of the
NOBALL for global was 0.21 + 0.08, for forward was 0.23 +0.16 and
0.214+0.08 for backwards. SampEn of the BALL was 0.27 4 0.07
for global, 0.28 +0.09 for forward and 0.28 +0.07 for backwards
movement.

The SampEn values calculated for all original time series were
statistically lower than the mean values obtained for its surrogates
(p<0.001), indicating meaningfulness of the variability intrinsic to
the data.

When peak acceleration was compared among tasks in the
NOBALL constraint, it seems that the backwards movements
required higher peak acceleration of rugby players when the con-
straint was NOBALL, by the moderate and large standardized
differences (Fig. 1b). In the BALL constraint, worthwhile differ-
ences among movements in this variable were small or trivial. Mean
acceleration in both constraints showed small or trivial differences
for global and forward movements, which, although higher than
backwards, was considered unclear in terms of practical inferences.
The acceleration complexity was trivially different when SampEn
was compared among the three movements (Fig. 1a).

The results when the effect of NOBALL and BALL in the differ-
ent movement parts showed that peak acceleration is not clearly
affected by the constraint, opposite to mean acceleration and Sam-
pEn (Fig. 2). For both variables, when the ball is added to the
task, global and forward movements very likely/likely present an
increase of acceleration and complexity.

The multiscale entropy curves obtained for the constraints and
across all sets are presented in Fig. 3. The values for the different
set are consistent across all time scales. Global, forward and back-
wards tasks show increasing multiscale entropy values towards the
highest time scales and similar range of values. However, the BALL
tasks show higher multiscale entropy values when compared to the
NOBALL tasks.

4. Discussion

This study aimed to identify the differences in the accelera-
tion during a resistance horizontal forward-backward task without
(NOBALL) or with the constraint of catching and throwing a rugby
ball in the forward phase (BALL). The main findings suggest that the
ball constraint affected the acceleration produced by the players.

In the global set of the resistance task there was a decreased in
peak acceleration when comparing the forward with the backward
movement. The mean acceleration in the global and backwards
sets of the movement were lower than forward, especially under
NOBALL condition. Previous research suggested that forward and
backward running are regulated by the same neural circuitry, but
backwards running presents higher degrees of freedom to be man-
aged, translating to a higher amount of coordination variability.??
Although the authors did not find an effect of running speed to the
coordination variability in either tasks, in the present study, the
sprinting ability, or the capacity to accelerate over time, seem to

have been influenced by the higher degrees of freedom in back-
wards movement.

Additionally, in the BALL situation, although mean acceleration
atbackwards movement showed an unclear effect of the constraint,
with a small-standardized difference, the peak acceleration at back-
wards movements likely decreased under this condition. Although
these results do not corroborate with previous work on sprint train-
ing considering BALL and NOBALL situations,?* slower performance
in constrained tasks have already been reported for joint kinematics
coordination, as well as the speed of overall sprinting technique of
field hockey players, when performing tasks constrained by hockey
sticks.2> Thus, the manual constraint applied to the resistance task
seems to affect the players’ linear acceleration during the sprint
performance in different directions.

Sprinting ability training for team sports can integrate equip-
ment constraints in the training protocols, in order to elicit
adequate physiological and mechanical demands of the specific
skills. Thus, the other point of the present study was to show how
simple but sport-specific gym-based resistance training tasks can
promote improvements beyond the peak acceleration. When con-
fronting entropy analysis between the original acceleration time
series in each condition and the entropy of its surrogates, it was
shown that the amount of variability obtained contains meaning-
ful structural richness.!® The SampEn values did not indicate a clear
relationship in the amount of regularity present in the acceler-
ation at each different movement of the resistance task. On the
other hand, there is a likely increase in the BALL SampEn of all
sets of the task. These results indicate that the constraint applied
to the resistance training task not only requires from the players
higher acceleration as discussed above, but also induces a change
in system coordination patterns or establishes certain combina-
tion of movement stability and adaptability.?® This is an evidence
of how specificity issues can foster the adaptive aspects of move-
ment variability. The association of the degree of variability with
skill and health is changing.?” It has been shown that some degree
of motor variability is beneficial as it allows a more adaptive sys-
tem to internal and external perturbations that constantly act on
the body. The results associated to the players mentioned above
may indicate detrimental movement control or coordination when
amanual taskis added, as to catch and throw a ball while run aiming
increased body acceleration. Previous studies have already associ-
ated decreased variability to compromised athletic condition and
lower skill level,?® motor learning/adaptation to the task, pain free
movement.?’ As previously mentioned, there are results on sprint
training using the ball as a constraint that did not find any differ-
ences between BALL and NOBALL situation.”* However, it seems
likely that these ball constraint effects are better identified at a
non-linear level, as presented in this study.

At the level of time scales, entropy across multiple temporal
scales was also calculated through multiscale entropy analysis, as
SampkEn is calculated considering only a single scale. This method
reveals the dependency of the entropy measures on the different
temporal scales.!? The advantages are in the assessment of acceler-
ation variability during the resistance task, accounting to its diverse
dynamical interactions within and between physiological levels of
the system during a task. Throughout the perception-action cycle,
the task demands from the system to attune to the environment
as the constraints change.!> All the conditions presented higher
multiscale entropy values towards the highest time scales. This
monotonic increase in higher time scales indicates that acceler-
ation becomes more complex than those corresponding to lower
scales. Current results also suggest that multiscale entropy values
among the tasks are similar but BALL condition presented higher
multiscale entropy than NOBALL, especially from the time scale 12
towards 20. This might indicate that changes in the system imposed
by the task constraint might occur at higher-level (macro-scale)
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Fig. 1. (a) Table containing the magnitude-based inferences of each variable across the different movements of a resistance training tasks. (b) Standardised Cohen’s differences
for acceleration characteristics compared across the different movements of a resistance training task. Error bars indicate uncertainty in true mean changes with 90% confidence

intervals.
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Table 2. Inferences for the diferent ball constraints on the acosleration of rugby players during
functonal stength exercise.
Ball Constrai ; Mean Acceleration
Mean changes (%: £30%CL)
% Chances (decrease/trivialfincrease)
Practical inferences
Variables Global Forward Backwards noball
A= s
054:218.22 1257:219.82 -7.5:212.51
Peak B -
Acet bation 24747124 412774 892269 Backwards
unclear possiblyincrease undear
3.38;23.53 6.49;24.33 4.84:23.1
Forward
Mean p
Acceleration 06228 0188 oree
unclzar erylixelyincrease Eelyincrease
35.83;229.18 39.58; 237.8 39.48:228.83 Global+
lage
SampEn 0/4/56 1881 1585 2 0 2
verylikelyincrease fikelyincrease relyincrease Standardized (Cohen) differences
SampEn
noball
Backwards
Forward
Global- Pl h—e—a
lage mok ot g mmgr&l Jorpe
-2 0 2

Standardized (Cohen) differences

Fig. 2. (a) Table containing the magnitude-based inferences of each variable across the different ball constraints applied to the resistance training task. (b) Standardised
Cohen’s differences for acceleration characteristics compared between different ball constraints during a resistance training task. Error bars indicate uncertainty in true mean
changes with 90% confidence intervals.

process or in a systemic fashion, which reflects the integration of
the lower-level processes, i.e. molecular, cellular tissue.'> The ball
constraint probably acts at the postural system level during resis-

tance training tasks. The BALL condition implies higher anticipatory
and compensatory adjustments due to the external perturbation
of posture, once players must rotate the trunk sideways to catch
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Fig. 3. Multiscale entropy values for the different parts of horizontal resistance training movements with (BALL) or without (NOBALL) the constraint of using the ball, across

different time scales.

and throw the ball. During catching and throwing movements
(forward BALL), the central nervous system had to modulate the
anticipatory and compensatory activities of the distal and prox-
imal muscles in a different way to forward NOBALL, in order to
accomplish the task. Athletic trainers and physical therapists often
use postural perturbations such as standing on one leg in differ-
ent postural controlling conditions and/or throwing, catching or
kicking a ball.2° These tasks aim to increase difficulty by reducing
the reliability of somatosensory information. However, the present
study shows how manipulating constraints in motor tasks during
physical training acts on players’ adaptive capacity, although is not
commonly used in practice. Traditional resistance training tasks
might be excessively static in opposition to the fact that players
need to constantly adjust their actions according to the inherent
changes in performance environments.* Further studies can focus
on how the learning process inherent to a period of resistance or
sprint training using ball constraints would change the variability
of the acceleration and affect performance.

5. Conclusions

The use of specific constraints in resistance training for rugby
players elicits different structure of variability in body accelera-
tion across multiple physiological time scales, particularly towards
higher level scales (physiological systems). Thus, the sprinting abil-
ity and passing performance in rugby players might benefit from
careful planning of how motor tasks are performed during resis-
tance training. Understanding the non-linear process inherent to
the manipulation of gym-based resistance training variables with
constraints and its motor adaptations may help coaches and train-
ers to enhance the effectiveness of training.

Practical implications

e Team sports players need to constantly adjust their actions to
extremely dynamic environments. Using the ball during gym-
based resistance training tasks can change the structure of
movement variability and, therefore, compensate for the low
variability observed in traditional resistance training performed
at the gym.

¢ Sprinting ability and passing performances should benefit from
these different structures of movement variability.

e Using the ball in resistance training increases variability inter-
repetitions, elicits a wider area of the muscle tissue and reduces
the risk of injury.
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The aim of this study was to identify the changes in movement variability and movement
velocity during a six-week training period using a resistance horizontal forward—
backward task without (NOBALL) or with (BALL) the constraint of catching and throwing
a rugby ball in the forward phase. Eleven elite male rugby union players (mean + SD:
age 25.5 + 2.0 years, height 1.83 + 0.06 m, body mass 95 + 18 kg, rugby practice
14 + 3 years) performed eight repetitions of NOBALL and BALL conditions once a week
in a rotational flywheel device. Velocity was recorded by an attached rotary encoder
while acceleration data were used to calculate sample entropy (SampEn), multiscale
entropy, and the complexity index. SampEn showed no significant decrease for NOBALL
(ES = -0.64 £ 1.02) and significant decrease for BALL (ES =-1.71 + 1.16; p < 0.007)
conditions. Additionally, movement velocity showed a significant increase for NOBALL
(ES = 1.02 £ 1.05; p < 0.047) and significant increase for BALL (ES = 1.25 + 1.08;
p < 0.025) between weeks 1 and 6. The complexity index showed higher levels of
complexity in the BALL condition, specifically in the first three weeks. Movement velocity
and complex dynamics were adapted to the constraints of the task after a four-week
training period. Entropy measures seem a promising processing signal technique to
identify when these exercise tasks should be changed.

Keywords: entropy, strength training, task constraints, team sports, adaptability

INTRODUCTION

Resistance training is a key determinant of the physical conditioning process in elite rugby
(Inness et al., 2016). It has been suggested that traditional resistance training tasks are too
static and contradictory to the natural complex open system of team sports, which demands the
self-organization of the large amount of degrees of freedom involved in the interaction between the
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environment and the dynamics of players” decisions and actions
(Travassos et al., 2011). Therefore, developing the ability to
perform stable actions, ie., the capacity to accelerate and
decelerate (Seitz et al., 2015), under complex scenarios involving
attuning interpersonal coordination (Duarte et al., 2012), as
well as equipment and pitch space control in decision making
(Greihaine et al., 2011), is very challenging but imperative
at high levels of competition (Couceiro et al, 2013). In fact,
rugby players need to be effective at sprinting while carrying a
rugby ball (Pollard et al., 2018), which consequently increases
the complexity of running, by altering the natural arm swing
performed to counterbalance the hip rotation (Barr et al., 2015).

One of the most important variables to consider when
designing an optimal resistance training program is the
movement velocity (Bautista et al., 2016), so the training
can be transferable to the tasks that require a developed
capacity of body acceleration. However, the guidelines available
in the current literature lack information on coordination
patterns of the neuromuscular control system responses during
training (England and Granata, 2007). By describing the effects
emergent from different task constraints on such patterns,
novel and important information about the players’ mechanisms
of organic adaptation can be revealed (Mehdizadeh et al,
2015). Indeed, recent research identified motor variability as
a key factor to describe the coordination features from the
sensorimotor system operations and from the learning processes
(Dhawale et al., 2017).

Recent research has found that the use of specific task
constraints, such as carrying or passing a rugby ball during
the execution of a functional eccentric overload resistance
exercise, elicits different structures of variability in players’ body
acceleration across multiple time scales, particularly toward
higher level or systemic scales (Moras et al., 2018). One of the
follow-up questions from this first body of evidence is related
to the effect of time on the biological complexity responses
in resistance training programs that use ball constraints,
particularly associated to the acceleration outcomes and their
effects on performance.

There are different approaches to analyze human movement
and assess variability to identify changes in patterns and
spatiotemporal characteristics (Stergiou et al., 2006; Preatoni
et al,, 2010, 2013; Dhawale et al.,, 2017; Moras et al., 2018).
It has been recognized that linear measurements have several
limitations, especially in determining movement degree of
complexity and the time-dependent structure of a time series
(Lipsitz and Goldberger, 1992). These limitations can be
addressed by a non-linear approach, such as measures of
entropy, to better describe healthy and pathological conditions
(Costa et al., 2002), changes in postural control (Rhea et al.,
2011; Lubetzky et al., 2018), assessment of running (Murray
et al, 2017), tactical behavior in soccer (Gongalves et al.,
2017), or movement variability in resistance training tasks
(Moras et al., 2018).

Entropy quantifies the amount of regularity and
unpredictability of point-to-point fluctuations in large sets
of time-series data (Richman and Moorman, 2000). Sample
entropy (SampEn) and multiscale entropy (MSE) are two of the

most popular methods for assessing data regularity in health
and sports sciences (Busa and van Emmerik, 2016). Sample
entropy measures the probability that similar sequences of
points in a time-series remain similar within a tolerance level
when a point is added to the sequence, in a single time scale
(Richman and Moorman, 2000). On the other hand, MSE
analysis has been suggested to be a better method to address the
complexity inherent in the biological signals because it considers
multiple spatial and temporal scales in a time series, reflecting
the multiscale characteristics of the biological system operation
(Costa et al., 2002, 2005; Gow et al., 2015). Particularly regarding
movement variability, research is still limited to a few examples
who suggest that it might be reduced as a function of practice
(Newell and Vaillancourt, 2001; Wu et al., 2014) and experience
(Ko and Newell, 2015; Williams et al., 2016). However, how
movement variability decays over time during resistance training
over the course of a training program, thus, how it affects players’
adaptive capacity, remains unclear. Therefore, the aim of this
study was to identify the changes of movement variability,
complexity index, and movement velocity with training in a
resistance horizontal forward-backward task without (NOBALL)
or with the constraint of catching and throwing a rugby ball in
the forward phase (BALL) during a six-week training program.

It was hypothesized that movement variability and complexity
index would decrease, and movement velocity would increase,
over the course of a six-week training program, especially when
using the constraint of catching and throwing a rugby ball.
Conversely, the stabilization of movement variability, complexity
index, and movement velocity can be used to identify an optimal
moment to modify the task.

MATERIALS AND METHODS

Participants

Eleven elite male rugby union players from a professional team
in the Spanish league volunteered to participate in this study
(mean + SD: age 25.5 % 2.0 years, height 1.83 £ 0.06 m, body
mass 95 £ 18 kg, rugby practice 14 £ 3 years). All players
were asked to avoid strenuous exercise during the study and
informed about the procedures and possible risks while giving
their informed consent before their admission. No players had
any injuries through the study duration and the procedures
complied with the Declaration of World Medical Association
(2013) and were approved by the local ethics committee
(21/20118/CEICEGC).

Design

The study was performed over 6 weeks. A recent meta-
analysis about the effects of flywheel training on Strength-Related
Variables show that the majority of these studies were carried out
on periods of training between 5 and 10 weeks (Petré et al., 2018).
However, more concretely, another recent study demonstrated
that 4 weeks could be enough time to show muscle adaptation
in flywheel resistance training (Illera-Dominguez et al., 2018).
Further, in horizontal inertial flywheel training, which has more
similarity to our study (de Hoyo et al., 2015; Gonzalo-Skok et al.,
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FIGURE 1 | Horizontal movement with an inertial flywheel device with BALL
(below) and NOBALL (above).

2016), differences in power and functional performance in 6-
and 8-week period training were found. So, for these reasons, we
hypothesize that 6 weeks could be enough time to find significant
differences in both variables, movement velocity and movement
variability. Since the players had no previous experience with
this device prior to the experiment, participants underwent a
familiarization session in which the horizontal movement with an
inertial flywheel device was performed at a submaximal intensity
in two conditions (BALL and NOBALL). When performing the
BALL condition, an expert player made a pass from the right side
two meters away. The participant caught the ball over the forward
movement, synchronized with the first step (Figure 1). Then,
during the second step, the participant passed the ball to another
expert player standing 2 m away at the other side. Emphasis was
placed on the importance of keeping the inertial flywheel rope
tight. The training protocol was performed once a week during
6 weeks and included a warm-up, where the players performed
5 min of cycle ergometer, 5 min of general active mobility,
two progressive sprints of 10 m, 10 movements at maximum
speed forward and backward of 4 m, and five movements of
maximum speed with changes of direction of 3 m. Afterward, the
participants randomly performed eight repetitions of NOBALL
and BALL with 3 min of rest between exercises. In the first two
repetitions the intensity was progressively increased, while the
last six were performed at maximal voluntary effort. During data
collection, participants did not receive any verbal information on
the quality of the movement performed or the outcomes of the
test. Data collection took place during the competitive season.

Procedures

The inertial flywheel device (Byomedic System SCP, Barcelona,
Spain) consists of a metal flywheel (diameter: 0.42 m) with up to
16 weights (0.421 kg each weight), that can be added along the
top edge of the flywheel perimeter. The device is comprised of a
cone attached above a flywheel, and as the axle spins, a rope winds

and unwinds around the cone. The concentric action unwinds
the rope and the eccentric action occurs during rewinding. The
force applied in the eccentric action to bring the flywheel to a stop
will rely on the kinetic energy generated during the concentric
action (Vicens-Bordas et al., 2018). To change the resistance to
movement, the moment of inertia can be modified by adding
any number of the 16 weights to the edge of the flywheel and
also by selecting one of the four positions (P1, P2, P3, or P4)
by changing the location of the pulley that is close to the cone.
Position 1 and 16 weights were selected for this study, because
these can generate the highest levels of mean force (Vazquez-
Guerrero et al., 2016). The moment of inertia for the flywheel
was 0.27 kg m?. Movement velocity was measure by a rotational
encoder (Chronojump, Barcelona, Spain) which measures the
spinning velocity of the axis of the flywheel device.

The participants’ acceleration performed in both conditions
was measured using the inertial measurement unit WIMU
(Realtrack Systems, Almeria, Spain), with processing capability
consisting of a 3D accelerometer recording at 1000 Hz. The
accelerometer was placed on an elastic waist belt close to the
sacrum of each player. This position provided the best indication
of whole body movement, as the location is close to the player’s
center of mass (Montgomery et al., 2010).

Four repetitions of the NOBALL and BALL conditions were
considered for further analysis. Each sample record contained
13879 + 1900 data points for NOBALL and 14703 + 1804
for BALL. In addition, the raw signal was obtained from the
system specific software (WIMU Software, Realtrack Systems
SL, Almeria, Spain) to calculate total acceleration (at) based on
the summation of vectors in three dimensions: mediolateral (x),
anteroposterior (y) and vertical (z) (Moras et al., 2018). The mean
velocity was recorded for the same four repetitions, registered
with a rotary axis encoder, and analyzed with the software of
chronojump (Chronojump, Barcelona, Spain).

The acceleration data were used to calculate entropy measures
across a single time scale (SampEn) and across a range of
time-scales (MSE), according to Chen et al. (2006) and Costa
et al. (2002), using dedicated routines written in Matlab® (The
MathWorks, MA, United Sates). Also, the Complexity Index
(Gow et al,, 2015) was calculated as the area under each
of the MSE curves to provide information on the integrated
complexity of the system, over the time scales of interest
(Busa and van Emmerik, 2016; Hansen et al., 2017). The
mean velocity recorded from the encoder was also included
in the analysis.

Statistical Analysis
Data normality and homogeneity was assessed using Shapiro—
Wilk and Levene tests, respectively. Data analyses were
performed using PASW Statistics 21 (SPSS, Inc., Chicago, IL,
United States). The level of statistical significance was set at
p < 0.05. The response variable (SampEn, complexity index,
and mean velocity) were analyzed using a repeated measure
analysis of variance (ANOVA) to address the main and interactive
effects between weeks, comparing the baseline (week 1) with
all other weeks.

The comparisons were also assessed via standardized mean
differences (Cohen’s d) and respective 90% confidence intervals.
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Thresholds for effect sizes statistics were <0.20, trivial; 0.20-
0.59, small; 0.6-1.19, moderate; 1.20-1.99, large; and >2.0, very
large (Hopkins et al., 2009). Movement velocity and Complexity
Index values under BALL and NOBALL conditions were also
adjusted to a third-degree polynomial for a better visualization
of these variables in summarizing the effects of the six-week
training protocol.

Finally, Bland-Altman analysis was used to assess biases of the
variables (SampEn, complexity index and mean velocity) between
conditions (Bland and Altman, 1995).

RESULTS

The individual trends, average, and standard deviation across
the 6 weeks for SampEn and movement velocity in BALL and
NOBALL conditions are shown in Figure 2. SampEn presented
higher values in the first four weeks for BALL and in the last
two weeks for NOBALL (Figures 2A,C,E). However, movement
velocity presented higher values across the whole training period
for NOBALL, although the values were similar in the last two
weeks (Figures 2B,D,F).

When SampEn was compared between the baseline (week 1)
and the subsequent weeks in the BALL condition, there were
no significant changes, but there were moderate effects in the
first four weeks, significant changes in the fifth week (p = 0.015)
with moderate effects, and significant changes in the last week
(p = 0.007) with a large effect (Figure 3A). By contrast, there
were no significant differences in NOBALL conditions between
weeks (Figure 3A). Also, when movement velocity was compared
between the baseline (week 1) and the subsequent weeks in
the BALL condition, there were significant changes in third
(p = 0.010), fourth (p = 0.045), fifth (p = 0.029), and sixth
(p = 0.047) weeks with moderate and large effects (Figure 3B).
For the NOBALL condition there were significant changes in
third (p = 0.012), fourth (p = 0.048), fifth (p = 0.027), and sixth
(p = 0.025) weeks with moderate effects (Figure 3B).

When complexity indexes were compared between the
baseline (week 1) and the subsequent weeks in the BALL
condition, there were significant changes for every week
(p < 0.05), except with the fourth week. By contrast, there
were no significant differences in NOBALL conditions between
the training weeks. The results from the complexity index and
movement velocity are presented in Figure 4, smoothed using
a third-degree polynomial for a better visualization. There were
higher levels of complexity in the BALL conditions, specifically in
the first three weeks.

Bland-Altman plots are presented in Figure 5. The resulting
graph is a scatter plot xy, in which the y axis shows the
difference between the conditions (BALL-NOBALL) and the x
axis represents the average of these measures.

DISCUSSION

This study aimed to identify how movement variability and
movement velocity changes during six weeks of training

including a resistance horizontal forward-backward task without
(NOBALL) or with the constraint of catching and throwing a
rugby ball in the forward phase (BALL). In general, the results
suggested that movement velocity and movement variability were
adapted to the constraints after four weeks of training.

The baseline values at week 1 showed higher movement
variability in the BALL when compared to NOBALL condition,
supporting results recently reported (Moras et al., 2018). It was
also possible to identify that movement variability remained
higher until the fifth week of training, showing that using the ball
as a constraint during this functional resistance training exercise
demands higher levels of coordination patterns, stimulating the
beneficial and adaptive aspects of variability in system function
(van Emmerik and van Wegen, 2002).

The results also showed that movement variability across the
six-week training period had a moderate and large reduction
from week 1 to week 6 and a significant decrease in the weeks
5 and 6 for the BALL condition. This decrease might be due
to an improved ability to control the coordination of the ball
pass through practice (Ko and Newell, 2015; Williams et al.,
2016). Based on the principle of optimality, sensory estimation
could minimize uncertainty across optimal integration, and
minimize variability in motor output through optimal control
(Bays and Wolpert, 2007).

After four weeks of training, there was a stabilization on
the BALL condition whichh was noted not only in a single
temporal scale, as evidenced by SampEn values, but also when
different temporal scales are considered, as seen in the complexity
index results. The complexity index represents how systems
are integrated from its lowest (organic) to highest (systemic)
scale levels. When constraints are applied to resistance training,
there seems to be changes in the system coordination patterns
(Oliveira et al., 2013; Moras et al., 2018), however, the training
process seems to regulate movement stability and adaptability
(van Emmerik and van Wegen, 2002) to the point where the
motor system is adapted to the environmental perturbations.
The present study reports evidence that corroborates on the
beneficial and adaptive aspects of variability during resistance
training (van Emmerik and van Wegen, 2002) but, most
importantly, reports details about the time-course of the effects
related to the use of these different and unusual constraints.
The results showed that four weeks were enough time for
the task constraint to become too predictable for the players,
therefore, not requiring substantial organic adaptations. Note
that, after four weeks of resistance training, the complexity
index was similar for both conditions, whereby the application
of the constraints loses its effect and exercise tasks should
be modified. Although the assessment of movement variability
provides information about coordinative adaptations, during
resistance training, the velocity at which a given load is displaced
determines the strength and power adaptations at the muscular
level (Bautista et al., 2016).

As expected in the NOBALL condition, the movement velocity
output was higher than BALL, possibly due to the lower level
of coordination required to perform the task. However, using
match specific constraints during resistance training achieved
more improvement between weeks. While NOBALL has a
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FIGURE 2 | Individual trends, average, and standard deviation. SampEn and velocity in BALL (A,B) and NOBALL (C,D) compared between the baseline (week 1)
and final week (week 6). Group average and standard deviation for SampEn (E) and velocity (F) in both conditions.

higher dependency on players capacity of improving force
and velocity, BALL demands a higher level of motor skill,
because it involves the coordination of carrying a ball while
developing rapid accelerations. After three weeks of resistance
training there were significant differences in the velocity for
both conditions compared with week 1. Nevertheless, from week
4 to the end of the 6-week training period, the movement
velocity did not change with training with or without the ball
constraint. Thus, the result found in the current study suggests
that velocity adaptations are reached before the movement
variability, maybe because neuromuscular adaptations to human
velocity and human variability are associated with different

regulatory mechanisms (Hedayatpour and Falla, 2015). In
team sports, the effectiveness of resistance training to improve
sport performance depends upon the process of adaptations
in terms of temporal structure changes (movement variability)
and output performance magnitude (movement velocity).
Therefore, the present study provides evidence that might better
guide the training process, establishing optimal challenging
points for resistance exercises and combining physical and
coordinative tasks.

A previous study showed how entropy measures detect
increased movement variability in resistance training when
the ball is used like a constraint (Moras et al., 2018). The
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present study helps us to understand how the learning process
inherent to a period of functional resistance training using a ball
constraint changes the variability of the acceleration and affects
performance across time. This study shows how entropy serves as
an alternative tool to identify not only the changes in movement
variability, but its time-course during a training period. This
way, the trainers can structure the exercises to enhance players’
performance according to the field tasks and match demands

required (McLaren et al., 2016) by efficiently combining physical
and coordinative capacities in resistance training.

Limitations

One of the main limitations of the current study was the low
sample size (n = 11) and all of the players belonging to the same
club. Nevertheless, these were expert players at the maximum
level of competition in Spain. Rugby Union is a team sport with
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high levels of injury (Ball et al., 2017), especially at the maximum
level (Yeomans et al., 2018), therefore, completing the training
protocol during six weeks continuously in the competitive season
period with enough healthy players was already an important
milestone achieved.

CONCLUSION

Six weeks of resistance training decreases movement variability
and increases velocity, especially when catching and throwing a
rugby ball. Despite that, the success in the application of tasks
constraints might be compromised after four weeks of training.
Coaching staffs can consider this moment as the key to decide
whether to modify the task.

PRACTICAL IMPLICATIONS

(1) Entropy measures can be used as a way of evaluating
the ongoing appropriateness of an exercise stimulus
to optimize adaptation. Entropy measures can be
used by strength and conditioning coaches to identify
when exercise tasks should be modified to trigger
further adaptations.

Entropy can help to identify the optimal challenge
point, therefore maintaining movement variability and
preventing a plateau in exercise adaptations. The use of the
ball during a functional resistance training task will result
in higher trainability, especially during the first four weeks.
This is due to the increased complexity of the exercise.
Strength and conditioning coaches should consider the
inclusion of the ball when targeting the development of
coordination within a periodized training program.

@

-

—
w
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