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Resumen

Desde que nacemos, aprendemos y reaprendemos habilidades y movimientos que
perdurardn a lo largo de nuestra vida. Especialmente durante la infancia, se adquieren
gran parte de estos aprendizajes motores, los cuales tendran un impacto importante
en nuestro desarrollo motor (Haywood & Getchell, 2014). Por este motivo, se
considera que la estimulacién de la capacidad de aprendizaje motor podria tener un

impacto importante durante la etapa de la infancia.

En los ultimos afios, se ha puesto en evidencia cdmo el enriquecimiento del entorno a
partir de la prdctica regular de ejercicio fisico (ejercicio a largo plazo) puede dar como
resultado una mejora en el rendimiento de la funcién cognitiva, tanto en animales
(Vaynman, Ying, & Gomez-Pinilla, 2004) como en humanos (Smith et al., 2010). Asi
mismo, la practica de una Unica sesién de ejercicio (ejercicio agudo) también ha
mostrado un efecto positivo en la estimulacidn de la funcién cognitiva tanto de adultos
(Chang, Labban, Gapin, & Etnier, 2012) como de nifios (Tomporowski, McCullick,

Pendleton, & Pesce, 2015).

Recientemente, se ha hecho un importante avance en relacién al conocimiento de los
efectos del ejercicio fisico como facilitador del aprendizaje motor en adultos (Taubert,
Villringer, & Lehmann, 2015). Los beneficios de este tipo de intervencidon fueron
observados principalmente sobre los procesos de consolidacion motora cuando la
intensidad del ejercicio era elevada y tenia una duracién de veinte minutos
aproximadamente (Mang, Snow, Campbell, Ross, & Boyd, 2014; Roig, Skriver, Lundbye-

Jensen, Kiens, & Nielsen, 2012; Thomas, Johnsen, et al., 2016). Aun asi, los ensayos
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clinicos realizados hasta la fecha se han limitado al estudio de tareas motoras sencillas,
centradas habitualmente en movimientos monoarticulares y en una Unica direccién.
Ademas, en nifios, a pesar de que recientemente se han observado beneficios
similares a los de los adultos sobre los procesos de consolidacién motora (Lundbye-
Jensen, Skriver, Nielsen, & Roig, 2017), existe un volumen de evidencia muy reducido

en relacion a los efectos del ejercicio sobre el proceso de aprendizaje motor.

El objetivo general de la presente tesis doctoral fue estudiar el efecto del ejercicio
intenso sobre el aprendizaje de una tarea de adaptacién visuomotora de tipo
rotacional (movimientos poliarticulares y en dos direcciones) tanto en poblacién adulta
como infantil. Para ello, se realizaron tres estudios consecutivos en los cuales se
evalud: (a) el efecto del ejercicio sobre la adaptacién y consolidacién motora en
adultos (estudio 1) y nifios (estudio 2 y 3), (b) el posible efecto del orden de
presentacion entre la tarea motora y el ejercicio (estudios 1y 2) y (c) el efecto de la
duracién del ejercicio (ejercicio largo: 13 minutos; ejercicio corto: 5 minutos) sobre la

adaptacion y consolidacién de la tarea motora en nifios (estudio 3).

En los tres estudios realizados se observo, tanto en adultos como en nifos, una mejora
en el proceso de consolidacion de la tarea motora como consecuencia del ejercicio.
Ademas, mientras que los adultos presentaron una facilitacion de la consolidacion
motora una hora después de la prdctica inicial en la tarea, los nifios presentaron
efectos mayores y mantenidos durante un periodo de tiempo mayor (hasta siete dias
después de la practica inicial en la tarea). Asi, parece ser que los niflos podrian

beneficiarse en mayor medida que los adultos de la practica de ejercicio.
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En cuanto al orden de presentacién del ejercicio y la tarea motora, si bien en los
adultos se observaron resultados similares entre una estrategia de presentacion u otra
(estudio 1), en los nifios parece ser que los mejores beneficios sobre la consolidacién
se obtuvieron cuando el ejercicio fue presentado justo antes de la practica en la tarea
motora (estudio 2). Por ultimo, incluso cuando la duracion del ejercicio fue corta (5
minutos) se observaron mejoras en la consolidacion de la tarea motora, aunque los
mejores efectos fueron hallados cuando la duracién del ejercicio fue larga (13

minutos).

Los estudios presentados en esta tesis doctoral afnaden nueva evidencia en torno al
efecto positivo del ejercicio sobre la consolidacidn motora tanto en adultos como en
ninos. Especialmente en relacién a los nifios, se muestra cémo la realizacién de
ejercicio antes de la practica de la tarea motora tiene mayores efectos sobre los
procesos de consolidacidon que la realizacidn del ejercicio después. Ademas, también se
constatan los beneficios de una sesidn de ejercicio de una duracién de tan solo cinco
minutos sobre el aprendizaje motor. Asi, los resultados de esta tesis doctoral ponen en
evidencia cdmo el uso del ejercicio intenso puede facilitar el aprendizaje motor tanto
de adultos como de nifios. También se propone cdmo este tipo de estrategias para
facilitar el aprendizaje motor podrian ser utilizadas incluso en entornos donde existan

restricciones de tiempo, como el colegio o el ambito deportivo de base.
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Abstract

From birth, we learn and relearn new skills and movements that will endure a life time.
Specially during childhood, a great portion of these new motor skills are learned,
having this learning process a great impact in our motor development (Haywood &
Getchell, 2014). For this reason, enhancing motor learning capacity could be of high

importance during childhood.

In recent years, it has been observed that enriched environments through regular
exercise practice (long term exercise) may result in the stimulation of the cognitive
function performance, both in animals (Vaynman et al., 2004) and human (Smith et al.,
2010). In addition, a single exercise session (acute exercise) has also shown positive
effects on the cognitive function of adult (Chang et al.,, 2012) and children

(Tomporowski, McCullick, Pendleton, et al., 2015).

Recently, great advancements have been made towards the study of how acute
exercise can facilitate motor learning in adults (Taubert et al., 2015). Exercise benefits
have been mainly observed on the motor memory consolidation process and specially
when exercise was of high intensity and a duration around 20 minutes (Mang et al.,
2014; Roig et al., 2012; Thomas, Johnsen, et al.,, 2016). However, controlled trials
examining this topic have utilized simple motor tasks, focused on monoarticular
movements and movements performed in a single direction. Moreover, although a
recent study has observed results similar to those presented in the adult population
(Lundbye-Jensen et al., 2017), there still exists very limited evidence examining the

exercise effect on motor learning in children.
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The aim of this doctoral thesis was to study the effect of acute intense exercise on the
learning process of a rotational visuomotor adaptation task (comprising poliarticular
movements in two different directions) in adult and children populations. To do so, we
conducted three consecutive studies where we assessed: (a) the effect of exercise on
the motor adaptation and consolidation processes in adults (study 1) and children
(studies 2 and 3), (b) the possible effect of the presentation order of the motor task
and the exercise session (studies 1 and 2), and (c) the effect of the exercise duration
(long exercise: 13 minutes; short exercise: 5 minutes) on the adaptation and

consolidation of the motor task in children (study 3).

In these three conducted studies, both in adult and children, we observed an
improvement of the consolidation process of the motor task due to exercise.
Moreover, while adults presented a facilitation of the motor consolidation after 1 hour
of first practicing the motor task, children presented greater and more sustained
effects of the exercise on their motor consolidation, showing consolidation
enhancements even 7 days after. Therefore, it seems that children could benefit from
exercise even more than adults. In relation to the presentation order of the motor task
and the exercise session, while adults presented similar results independent of the
order (study 1), children showed greater effects when the exercise session was
presented immediately before the motor task (study 2). Lastly, even when the exercise
session was short (5 minutes), children’s motor consolidation showed some
improvements, although larger effects were seen when the exercise duration was long

(13 minutes).
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The studies presented in this doctoral thesis add new evidence in relation to the
positive effects of exercise on motor memory consolidation in adult and children
populations. Especially in children, new evidence is presented about how exercising
before the motor task practice greatly enhances motor consolidation compared to
exercising after. Moreover, we also introduce new evidence about the positive effect
of an exercise session as short as 5 minutes on motor consolidation. Therefore, this
doctoral thesis results show how exercise could possibly be used to stimulate adult
and, specially, children’s motor learning. Furthermore, it is also proposed how these
learning-enhancing strategies could even be applied to environments where time

restrictions exist, like school or sports practice settings.
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Abreviaciones

20mSRT Test de carrera lanzada en 20 m

AD Set de adaptacion de la tarea rVMA

BA Set de evaluacion basal en la tarea rVMA

BDNF Factor neurotroéfico derivado del cerebro

BMI indice de masa corporal

CON Grupo que no realizé el iE

DCD Trastorno del desarrollo de la coordinacion

EX-rVMA Grupo que realizo el iE antes de la tarea motora

FAM Set de practica de familiarizacién en la tarea rVMA

HR Frecuencia cardiaca

IDE Error direccional inicial

iE Ejercicio intenso

IPAQ Cuestionario internacional de actividad fisica

LONG Grupo que realizd el iE largo antes de la tarea rVMA

LTP Potenciacién a largo plazo

MT Tiempo de movimiento

PAQ-C IPAQ en su version para ninos

PARQ Cuestionario de aptitud para la practica de actividad fisica

PARQ-C PARQ en su versiodn para nifios

RL Ratio de aprendizaje

RMSE Raiz del promedio de los errores al cuadrado

RT Tiempo de reaccidn

RT1 Set de retencién de la tarea rVMA 1 hora después de la adaptacion
RT24 Set de retencién de la tarea rVMA 24 horas después de la adaptacion
RT7D Set de retencién de la tarea rVMA 7 dias después de |la adaptacién
rVMA Adaptacién Visuomotora rotacional
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rVMA-EX
SHORT
D

TONI
TONI-IQ

VO,max

Grupo que realizé el iE después de la tarea motora
Grupo que realizo el iE corto antes de la tarea rVMA
Distancia recorrida en la tarea rVMA

Test de inteligencia no verbal

Cociente intelectual calculado a través del test TONI

Consumo de oxigeno maximo
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Capitulo 1: Introduccion
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1.1 Aprendizaje motor

El proceso de aprendizaje motor puede estar influenciado por muchos factores como,
por ejemplo, la experiencia previa en la habilidad y la dificultad de esta misma, entre
otros. En esta tesis doctoral nos hemos centrado en el estudio de dos de los factores
que pueden afectar el aprendizaje motor: la practica de ejercicio agudo y la edad de la
persona. Con esta finalidad, el objeto de estudio de esta tesis doctoral ha sido una

tarea perceptual-motora la cual requiere un proceso de adaptacién visuomotora.

Para profundizar en el entendimiento del proceso de aprendizaje perceptivo-motor,
esta tesis doctoral utiliza el marco tedrico y neurolégico propuesto en la revision de
Ramnani (2006).En dicho marco tedrico, el proceso de aprendizaje depende de la
experiencia en la habilidad y se fundamenta en dos procesos esenciales: (1) la
generacién de un modelo interno de la habilidad motora y (2) la generacién de

feedbacks a través del movimiento en si mismo.

A continuacién, veremos con mas detalle cémo podemos entender el aprendizaje de
una habilidad motora, sus procesos de adaptacion y consolidacién, bajo el prisma del

marco tedrico mencionado anteriormente.

1.1.1 Adaptacion y consolidacién de la habilidad motora

Para el control de nuestros movimientos, la teoria del control motor ha adoptado
como eje central el concepto del modelo interno (Ramnani, 2006). Podemos referirnos
a este modelo interno como la representacidn neural adquirida a través de la practica
a partir de la cual podemos planificar nuestros movimientos (Miall & Wolpert, 1996).

Llamaremos comando motor o comando eferente a la sefial originada normalmente
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resultado de esta planificacién, la cual es generada por la corteza motora cerebral con

la funcién de producir un movimiento (Latash, 2010).

Para el control de nuestras acciones sera imprescindible la integracion e interpretacion
de dos fuentes principales de informacion. La primera fuente es la de informacion
sensorial aferente, la cual nos provee informacién tanto del entorno (exterocepcion)
como de nuestro propio cuerpo (propiocepcion) (Schmidt & Lee, 2011). La segunda
estard constituida por la informacion de las copias eferentes, sefiales consistentes en
una copia de los comandos motores planificados (comando eferente) a partir de las
cuales nos sera posible predecir las consecuencias de la accion motora antes de la
disponibilidad de las consecuencias sensoriales aferentes producidas por la ejecucion
del movimiento (Shadmehr, Smith, & Krakauer, 2010). De la comparacion de ambas
fuentes de informacion se iniciard y/o realizara el proceso de aprendizaje motor, el
cual se basard en la incorporacidn y procesado de la informacién aferente y copia-
eferente a un llamado sistema en bucle cerrado, el eje central del cual sera el ya citado

modelo interno (Ramnani, 2006) (ver Figura 1.1).
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Comparacion
Olivo inferior

» Sefnal de error
| —

Figura 1.1. Sistema de bucle cerrado para el control y el aprendizaje motor. Durante la ejecucién de
una habilidad motora, a partir del modelo interno, se iniciara la planificacién de los comandos motores a
ejecutar (circuito rojo). Durante el aprendizaje, la sefial generada en la produccién de un comando
motor es trasladada al sistema motor y al sistema musculo-esquelético, el cual ejecutara fisicamente
este comando motor (circuito azul). Paralelamente, se realizara una copia eferente de esta sefial con tal
de refinar el modelo interno preexistente y realizar una prediccion aferente de las consecuencias de la
accion (circuito amarillo). La copia eferente y las consecuencias aferentes del movimiento producido
seran comparadas y, a partir de esta comparacion, se construird una sefial de error (feedback) que
actualizara, junto a la copia eferente realizada anteriormente, el modelo interno preexistente (circuito
verde). Figura adaptada de Ramnani (2006).
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Ante una nueva tarea motora, este modelo interno es generado y refinado a partir de
la experiencia, proceso al cual se denomina adaptacién motora (Krakauer, Ghez, &
Ghilardi, 2005). Este proceso de adaptacién es resultado de la comparacion de la
informacién sensorial aferente y copia-eferente, generando asi sefiales de feedback
desde las cuales se actualizara dicho modelo interno (Shadmehr et al., 2010). Una vez
adquirido, este modelo interno de la habilidad se presenta inicialmente fragil a
posibles interferencias del comportamiento y puede llegar a revertirse el proceso de
adaptacion, por ejemplo, a partir de la practica de otra tarea motora (Krakauer et al.,
2005). No sera hasta haber pasado un intervalo de tiempo desde el inicio de la practica
de la habilidad cuando este modelo interno se vuelva mads resistente a posibles

interferencias (Krakauer & Shadmehr, 2006).

La estabilidad necesaria para solventar este proceso de interferencia en el aprendizaje
motor es alcanzada con la llamada consolidacion del modelo interno adquirido, el cual
trasciende de un estado fragil a un estado mas permanente gracias a los mecanismos

de formacién de la memoria a largo plazo (Krakauer & Shadmehr, 2006).

1.1.2 La evaluacion del aprendizaje motor

Magill y Anderson (2014) definieron que durante la evaluacién del aprendizaje motor
debemos tener en consideracion los conceptos de rendimiento (performance) y de
aprendizaje (learning). Los mismos autores se refieren al rendimiento cémo el
comportamiento motor observable mediante la evaluacion, mientras que hablan de
aprendizaje al referirse a un cambio relativamente permanente en el rendimiento
como resultado de la practica o la experiencia. Considerando los conceptos de

adaptacion y consolidacidn expuestos anteriormente, si bien ambos hacen referencia a
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un cambio en el rendimiento de la habilidad motora, por definicion, la consolidacién
del modelo interno seria un mejor indicador del aprendizaje que la adaptacién por si

sola (Huang, Haith, Mazzoni, & Krakauer, 2011).

A la hora de evaluar el proceso de aprendizaje motor, Magill y Anderson (2014)
proponen seis caracteristicas que deberiamos analizar en la ejecucion de la tarea
motora: (a) mejora de los pardmetros de rendimiento, (b) consistencia y reduccién de
la variabilidad entre intentos, (c) estabilidad ante posibles perturbaciones, (d)
persistencia del comportamiento aprendido a lo largo del tiempo, (e) adaptabilidad o
posibilidad de generalizar el aprendizaje a otras situaciones, y (f) reduccién de la
demanda de atencién durante la ejecucién de la tarea. A pesar de que todas estas
caracteristicas referentes al rendimiento tienen un papel importante en la evaluacién
del aprendizaje, destacamos la mejora del rendimiento (a) cémo indicador del proceso
de adaptacién y la persistencia del comportamiento aprendido (d) cémo indicador de
que la habilidad ha sido consolidada. Para evaluar estos procesos de adaptacién y
consolidacidn a partir de estas caracteristicas destacadas (a y d), los mismos autores
proponen examinar los cambios del rendimiento a través del analisis de su evolucién
mediante la practica y la evaluacion de la persistencia mostrada en los test de

retencion.

Asi, por un lado, el proceso de adaptacidon de la tarea serd observado mediante el
analisis de los cambios en el rendimiento, normalmente a partir de las curvas de
rendimiento o, también Ilamadas, curvas de aprendizaje (Magill & Anderson, 2014).
Este tipo de curvas pueden ajustarse a diversos tipos de funciones, aunque una de las

formas de ajuste mas habituales es la funciéon exponencial. La curva de aprendizaje
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exponencial se caracteriza por mostrar un proceso de adaptacién donde existe un
incremento muy grande del rendimiento en los primeros intentos de practica en la
tarea, seguido de una mejora lenta y que tiende a un techo del rendimiento o un
punto en que la disminucion del error sera practicamente nula (Krakauer et al., 2005).
Entre las posibles formas de andlisis de esta curva de aprendizaje, destacamos la
posibilidad de registrar mediante la variable llamada ratio de aprendizaje (Rate of
Learning) el valor de la pendiente de esta funcion, pudiéndose asi representar la
magnitud de la velocidad de adaptacién a la tarea motora. Podemos encontrar dos
ejemplos de este tipo de andlisis en los estudios de Krakauer et al. (2005) y Joundi et
al. (2012), donde se evaludé el proceso de adaptacion mediante el andlisis de los
cambios en el rendimiento a través de la practica. En ambos estudios se computd la
ratio de aprendizaje durante la adaptacion de una tarea motora a partir del ajuste de

los valores de error a una funcién de tipo exponencial.

Por otro lado, el proceso de consolidacién de la habilidad suele evaluarse por medio
de los test de retencidn. Estos test de retencidn tienen por objetivo evaluar el grado de
mejora o mantenimiento del rendimiento en la habilidad tras un intervalo de tiempo
donde no se ha practicado la habilidad en cuestidn (Roig et al., 2012), también llamado
intervalo de retencién (Magill & Anderson, 2014). Este intervalo de retencion puede
tener una duracién arbitraria, aunque hay que asegurarse de que existe un lapso de
tiempo suficiente como para garantizar que el rendimiento durante el test de
retencidn es debido a los procesos de consolidacién y no a una adaptacion reciente en
la tarea (Magill & Anderson, 2014). Algunos de los intervalos de retencién
habitualmente utilizados son de 1 hora, 24 horas o 7 dias (Mang et al., 2014; Roig et

al., 2012; Thomas, Johnsen, et al., 2016).
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En la presente tesis doctoral, los procesos de adaptacion y consolidacién motora seran
evaluados a partir del analisis de los cambios en el rendimiento durante la practica
inicial en la habilidad y de varios test de retencién, los cuales seran presentados en
intervalos de retencion de 1h, 24h y 7 dias. En la Figura 1.2 se presenta un ejemplo de
evaluacidn de los procesos de adaptacion y retencién de una tarea motora. En este
ejemplo, se encuentra representada la dindmica de una variable de error denominada
raiz del promedio de los errores al cuadrado (RMSE). Se puede observar la evaluacién
del proceso de adaptacion a partir de la definicion de la ratio de aprendizaje (RL),
obtenida del ajuste de los datos a una funcién de tipo doble exponencial. En el caso de
este ejemplo, el RL calculado corresponde solo al tramo inicial de la curva de

aprendizaje, momento en que existe una reduccién mds rapida de los valores de error.

El proceso de consolidacién de la habilidad fue evaluado tomando los valores de error
mostrados en los test de retencidn, los cuales fueron realizados tras unos intervalos de

retencion de 1 h, 24 h o 7 dias.
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Figura 1.2. Evaluacion de los procesos de adaptacion y consolidacion motora. Se presenta la dinamica de una variable de error (raiz del promedio de los errores al
cuadrado, RMSE) a lo largo de una serie de bloques de practica de una tarea motora. Valores menores de RMSE indican mejor rendimiento. El proceso de adaptacion tuvo
lugar durante el bloque de préctica AD. Para evaluar la adaptacion, se computd la curva de aprendizaje y el valor de la ratio de aprendizaje (RL). El RL se computé utilizando
el tramo inicial de la curva de aprendizaje, en el que existe un mayor decremento del error. Para la evaluacidn de la consolidacion, se realizaron tres bloques de retencién
(RT1, RT24 y RT7D), con unos intervalos de retencién de 1 h, 24 h y 7 dias desde el final del bloque de AD. La tarea realizada en este andlisis fue una tarea de adaptacién
visuomotora de tipo rotacional, en la cual los participantes debian adaptarse a una perturbacién aplicada a sus movimientos a partir de una rotacién. En el primer bloque de
practica, se evalud el rendimiento basal de los participantes en ausencia de perturbacion (BA). En los subsiguientes bloques de practica (AD, RT1, RT24 y RT7D), los
participantes tuvieron que adaptarse y consolidar un nuevo modelo interno para sobreponerse a la perturbacién impuesta (60° de rotacién en sentido horario).
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1.1.3 Los paradigmas de aprendizaje motor

El estudio del proceso de aprendizaje motor detallado ha sido habitualmente llevado a
cabo utilizando dos posibles paradigmas de aprendizaje: los paradigmas de aprendizaje
de secuencias y los paradigmas de adaptacién motora (Seidler & Meehan, 2013). En el
caso del aprendizaje de secuencias se mide la adquisicién de movimientos ejecutados
siguiendo una cadena repetitiva, mientras que los paradigmas de adaptacién motora
se centran en la evaluacién de nuestra capacidad para compensar los cambios
acontecidos en el entorno o frente a las demandas de la tarea (Doyon, Penhune, &

Ungerleider, 2003).

Una de las tareas mas utilizadas dentro de los paradigmas de aprendizaje de
secuencias es la Tarea del Tiempo de Reaccidn en Serie (Serial Reaction Time Task). En
esta tarea, los participantes deben realizar movimientos lo mas rdpido posible
(normalmente de los dedos de la mano), siguiendo una secuencia concreta que es para
ellos normalmente desconocida y que se va repitiendo a lo largo de los intentos. Un
ejemplo de este tipo de tareas seria el presentado por Doyon et al. (2003), donde los
participantes debian pulsar lo mas rapidamente posible uno de cuatro posibles
botones en funcién de la localizacién donde aparecia una bola roja en una pantalla
(Figura 1.3). Este estimulo era presentado en una secuencia de 10 items o

localizaciones que se iba repitiendo de forma ciclica.
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Figura 1.3. Representacion esquematica de una tarea del tiempo de reaccion en serie. En la tarea, los
participantes debian pulsar el botdén lo mas rapido posible en funcidn de la localizacién de la bola en la
pantalla y repetir esta accién en una secuencia ciclica de 10 items o localizaciones. Figura adaptada, de
Doyon et al. (2003).

En cuanto a los paradigmas de adaptacion, unas de las tareas mas utilizadas son las
Tareas de Adaptacidon Visuomotora (VMA). En este tipo de tareas, habitualmente los
participantes deben realizar movimientos de alcance (reaching) o lanzamientos con la
mano, sobreponiéndose de forma paulatina a una perturbaciéon aplicada a su
percepcion visual (p. ej. mediante la visidn a través de un prisma o un espejo) o a su
percepcion quinestésica (p. ej. a través de la alteracién de campos de fuerza generados
al manipular un brazo robético). Un ejemplo de este tipo de tareas es el presentado
por Miall, Jenkinson, & Kulkarni (2004) donde, a partir del uso de un joystick, los
participantes debian mover un cursor en la pantalla de un ordenador hasta llevarlo a
un punto objetivo de 8 posibles (Figura 1.4). Los movimientos del cursor se
encontraban desviados 30° en sentido anti-horario respecto a los movimientos del
joystick, situacién a la cual los participantes debian adaptarse. Parecida a la tarea

planteada como ejemplo, en esta tesis doctoral hemos elegido una tarea de

38



Adaptacion Visuomotora rotacional (rVMA), la cual se detalla mas adelante, como el

medio de estudio del aprendizaje motor.

1
B
| £

/ Joystick
Cursor D / direction

Figura 1.4. Representacion esquematica de una tarea de Adaptacion Visuomotora. En esta tarea,
debian mover un cursor, controlado a través de un joystick, para alcanzar los puntos objetivo
numerados del 1 al 8 que aparecian de forma aleatoria. Los movimientos del cursor eran rotados 30° en
sentido anti-horario respecto los movimientos del joystick, situacién a la cual tenian que adaptarse los
participantes. Figura adaptada de Miall, Jenkinson, & Kulkarni (2004).

Las diferencias entre estos paradigmas de aprendizaje (secuencial o adaptacién) no
solo radican en su forma de ejecucidén, sino que se ha observado cémo estos
paradigmas dependen también de diferentes vias neurales durante su aprendizaje
(Krakauer & Mazzoni, 2011). Por ejemplo, mientras que para el proceso de
consolidacién de los paradigmas de adaptacién el cerebelo parece constituir una de las
principales regiones de almacenaje, los paradigmas de aprendizaje de secuencias
parecen depender en mayor medida del cuerpo estriado (Doyon et al., 2003). Aun asi,
a pesar de intentar diferenciar estos dos paradigmas de aprendizaje motor, fuera del
ambito del laboratorio sera dificil establecer dicha separacion ya que en el aprendizaje

de la gran mayoria de habilidades motoras deberemos adaptar nuestro
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comportamiento a las perturbaciones inducidas por el entorno a la vez que seguimos

una secuencia de acciones articulares y musculares definida.

1.2 Desarrollo motor y aprendizaje motor: diferencias entre nifios y

adultos

1.2.1 Relacién entre el desarrollo motor y el aprendizaje motor

Independientemente del paradigma utilizado, parece ser que el proceso de
aprendizaje motor descrito puede verse afectado de forma importante por el nivel de
desarrollo motor de la persona que va a realizar dicho aprendizaje. Cuando hablamos
de desarrollo motor nos referimos a un proceso de cambio sobre las habilidades
motoras que se caracteriza por ser continuo y estar estrechamente relacionado con la
edad, aunque no sea Unicamente dependiente de ella (Haywood & Getchell, 2014). En
general, a causa de un menor desarrollo motor, los nifios muestran un nivel de
rendimiento motor inferior y mas variable que el de los adultos (Haywood & Getchell,

2014).

Estas diferencias en el rendimiento se han relacionado con el estado de desarrollo del
sistema nervioso central de los individuos, encontrandose el momento de maximo
rendimiento motor (velocidad de movimiento, tiempo de reaccion, velocidad de
procesamiento y precisién) durante la edad adulta joven (19-25 aios) (Leversen, Haga,
& Sigmundsson, 2012). Ademas de estas diferencias en el rendimiento motor, también
se ha observado cémo el nivel de desarrollo motor puede afectar a la dindmica del
proceso de aprendizaje. Los nifios presentan una ratio de adaptacién inferior a la de
los adultos y precisan de mas tiempo o de un nimero mayor de intentos para la

formacién de un nuevo modelo interno (Vasudevan, Torres-Oviedo, Morton, Yang, &
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Bastian, 2011). Asi mismo, parece ser que, mientras que los adultos son capaces de
manifestar la actualizacidon de su modelo interno intento a intento, los nifios precisan
también de periodos de no practica para poder manifestar esta actualizaciéon del
modelo interno, especialmente en los nifios mas jévenes (< 6 afios) (Du, Valentini, Kim,
Whitall, & Clark, 2017). De este modo, parece evidente que existen diferencias tanto
en el resultado final del proceso de adaptacidon y aprendizaje como en el propio
desarrollo del proceso. Por lo tanto, sera importante tener en cuenta estas posibles
diferencias relacionadas con el desarrollo y el rendimiento motor producidas por la
edad, ya que pueden tener un efecto importante en el rendimiento y el aprendizaje de

tareas motoras concretas.

1.2.2 Efecto del desarrollo motor en la tarea de Adaptacion Visuomotora rotacional
(rVMA)
Dentro del marco de la presente tesis doctoral y como ya hemos adelantado, se ha
estudiado el aprendizaje motor en ninos y adultos a partir de la utilizacion de un
paradigma de aprendizaje de adaptacidn. La tarea concreta que se ha utilizado para
este fin ha sido la tarea de Adaptacion Visuomotora rotacional (rVMA). Por este
motivo, mas alld de las implicaciones que puede tener el desarrollo motor en el
aprendizaje motor en general, creemos conveniente realizar una revisidon del estado de
la cuestion para el caso concreto de la tarea rVMA utilizada. De este modo, a
continuacion, detallaremos las caracteristicas principales de la tarea rVMA y cémo

puede el desarrollo motor afectar a su aprendizaje.
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La tarea rVMA

En la tarea rVMA, el participante debe realizar movimientos de alcance con la mano
(reaching) para mover un cursor que aparece en una pantalla de ordenador. Este
cursor debe ser movido desde un punto base (posicién inicial; punto azul en Figura 1.5)
hasta una serie de puntos distales (objetivo; puntos rojo o rojo transparente en la
Figura 1.5) distribuidos radialmente y de forma equidistante (Figura 1.5).
Habitualmente, el movimiento del cursor se consigue a partir del trazo de la mano
sobre una tableta digital o a través de un joystick. El brazo con el que el participante
realiza el movimiento es ocultado, de modo que la Unica informacién visual que
percibe el participante es el propio movimiento del cursor. La transformacién o
incongruencia caracteristica de un paradigma de adaptacién se consigue, en el caso de
esta tarea, aplicando una rotacion; es decir, desviando angularmente la trayectoria de
movimiento del cursor. Algunas de las magnitudes de rotacién mas usadas son 45°, 60°
y 90° (Buch, Young, & Contreras-Vidal, 2003; Contreras-Vidal, Bo, Boudreau, & Clark,
2005; Ferrel, Bard, & Fleury, 2001; Joundi et al., 2012). Como referencia, una rotaciéon
de 60° en sentido horario transformaria el movimiento diagonal ascendente y hacia la
derecha de la mano del participante, en un desplazamiento diagonal descendente y
hacia la derecha del cursor (Figura 1.5). A partir de la practica y sin ser informado de la
rotacién, el participante “aprende” a corregir la trayectoria del cursor, propiciando asi
la formacién de un nuevo modelo visuomotor interno (adaptacién) el cual sera

consolidado pasado un periodo de no practica de la habilidad.
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Joystick
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Figura 1.5. Representacion esquematica de la tarea de Adaptacién Visuomotora rotacional (rVMA). En
la r'VMA, los movimientos de la mano (joystick direction) de los participantes que sujetan un joystick
producen el movimiento de un cursor en la pantalla de un ordenador (cursor movement). Durante la
ejecucion de la prueba, los participantes deben mover el cursor desde un punto central (azul) hasta un
punto objetivo (rojo opaco) que puede encontrarse ubicado en diferentes localizaciones (rojo
transparente). Durante la evaluacidén basal (rotacion 0°), la direccion del movimiento de la mano
(joystick) y del cursor son coincidentes. Por el contrario, durante la adaptacion y retencion de la tarea,
los movimientos de la mano (joystick) de los participantes causan una incongruencia visuomotora ya que
originan una rotacion angular (en el caso de la imagen 60° en sentido horario) en el movimiento del
cursor.

El desarrollo motor y su influencia en la adaptacion de la tarea rVMA

Se ha observado como, con suficiente practica, tanto la poblacion adulta (Krakauer et
al., 2005; Trempe & Proteau, 2010) como la infantil (Contreras-Vidal et al., 2005; Ferrel
et al., 2001; Tahej, Ferrel-Chapus, Olivier, Ginhac, & Rolland, 2012) son capaces de
adaptarse en la tarea rVMA vy consolidar el nuevo modelo interno generado para esta
tarea. Aun asi, hay que considerar que para la existencia del proceso de consolidacién,
tanto para adultos como para nifios, serd necesario alcanzar un nivel de rendimiento

elevado en la tarea durante su adaptacién, reduciendo el error entre la trayectoria
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ideal y la ejecutada por los participantes (Trempe & Proteau, 2010; Trempe, Sabourin,

& Proteau, 2012).

Parece ser que ciertos factores relacionados con el desarrollo motor, y por lo tanto con
la edad, podrian afectar al rendimiento en la tarea rVMA dificultando asi su adaptacién
y consolidacion. Los principales factores que podrian afectar al proceso de adaptacion
en la tarea rVMA son el nivel de rendimiento cognitivo y el rendimiento basal de la
tarea en condiciones de no rotacién (0° de rotacion), factores que interactuarian con
un tercer condicionante, la cantidad de rotacion impuesta una vez aplicada la

perturbacion en la tarea (Ferrel et al., 2001; Tahej et al., 2012).

En nifos, el modelo interno basal de la habilidad muestra un estado menos robusto y
mas variable que el de los adultos, especialmente en las edades mas tempranas (5
anos) (Contreras-Vidal et al., 2005; Ferrel et al., 2001). Asi, los nifios de edad temprana
presentan mayores valores de error, mas variabilidad y mayores dificultades para
adaptarse a la rotacion de la tarea, mientras que los adultos serian capaces de resolver
la rotacion de forma mas eficaz, especialmente cuando los grados de rotacion son
elevados (>90°) (Ferrel et al., 2001). A pesar de esta situacion, a partir de los 8 afios de
edad se ha observado cdmo se produce un incremento en la velocidad, la precision y
una mejora en la planificacién de la direccion del movimiento de los nifios, hecho que
tiene una repercusion positiva sobre la adaptaciéon y consolidacidon de la habilidad
(Contreras-Vidal et al., 2005). Ademas, que a partir de los 11 afios de edad, los nifios
presentan unos resultados mas similares a los de los adultos (Ferrel et al., 2001). De
este modo, parece ser que la capacidad para resolver con éxito las rotaciones

visuomotoras en un modo similar al de los adultos, podria desarrollarse entre los 8 y
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los 11 afios de edad. Aun asi, incluso a los 11 afos los niflos presentarian un

rendimiento absoluto inferior al de los adultos (Ferrel et al., 2001).

1.2.3 Estimulacion del aprendizaje motor: plasticidad neuronal y entornos
enriquecidos
Estas limitaciones de los nifos respecto a los adultos, en relacion al aprendizaje motor,
deberian tenerse en cuenta al analizar, en un contexto mas global, la importancia del
aprendizaje motor durante la infancia. El aprendizaje de nuevos movimientos y
habilidades motrices es uno de los aspectos esenciales de la vida. Desde el nacimiento,
adquirimos o readquirimos habilidades motrices necesarias para nuestra actividad
diaria y vital. Especialmente durante la infancia se realizara el aprendizaje y desarrollo
de muchas de las habilidades motrices que nos acompafiaran a lo largo de la vida
(Haywood & Getchell, 2014). El desarrollo y aprendizaje motor durante la infancia
tendrd un papel destacado, ya que serd, en parte, responsable de la competencia
motora durante la vida adulta (Lloyd, Saunders, Bremer, & Tremblay, 2014). De este
modo, potenciar el aprendizaje motor durante la infancia podria ser de elevada
importancia para aumentar las garantias de un desarrollo motor integro de la

poblacién.

Existe evidencia de que, durante el desarrollo de un organismo, su sistema nervioso
central se encuentra en un estado mas receptivo para producir cambios en las
conexiones neuronales que ocurren como respuesta a un aprendizaje o una
interaccidon con el entorno, predisposicién conocida como plasticidad del desarrollo
(Developmental Plasticity) (Rohlfs Dominguez, 2014). A pesar de que esta

predisposicion parece menguar a medida que el sistema nervioso se va desarrollando
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acercandose a un estado similar al de los adultos, parece existir la posibilidad de
emular un situacién parecida a la plasticidad del desarrollo a partir del
enriquecimiento del entorno donde se encuentra el individuo (Rohlfs Dominguez,
2014). Por su facilidad de aplicacion y control, uno de los medios para garantizar un
entorno enriquecido que mas interés ha generado en las ultimas décadas, y a través
del cual se ha observado una mejora de la funcidén cognitiva, es la practica de ejercicio
fisico (Ploughman, 2008). Tanto en animales como en humanos adultos y nifios, la
practica de ejercicio ha mostrado varios beneficios a nivel de la funcidn cognitiva y la
capacidad de aprendizaje de los individuos (Voss, Nagamatsu, Liu-Ambrose, & Kramer,
2011). De este modo, si el ejercicio puede mejorar la capacidad cognitiva se infiere el
potencial efecto similar sobre la capacidad de aprendizaje motor, que puede estimular
y facilitar los procesos de adaptacién y consolidacion motora tanto de adultos como de
nifos. Con el objetivo de ahondar en los efectos y, en parte, en los mecanismos a
través de los cuales el ejercicio podria facilitar la funcién cognitiva y el aprendizaje, en
los siguientes apartados realizaremos una revision de la evidencia en relacién al efecto
del ejercicio sobre la funcién cognitiva y la capacidad de aprendizaje, tanto declarativo

(memorizacidn) como no declarativo (aprendizaje motor) (Squire & Kandel, 2000).

1.3 Efecto del ejercicio sobre la funcion cerebral y el aprendizaje

declarativo

En los siguientes apartados se realizara la revision de los efectos del ejercicio sobre la
capacidad cognitiva y el aprendizaje, y se revisaran en primer lugar los causados por la
practica regular de ejercicio (ejercicio a largo plazo) y, en segundo lugar, los causados

por la participacidn puntual en una Unica sesién de ejercicio (ejercicio agudo).
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1.3.1 Efectos de la practica de ejercicio a largo plazo

Efectos en animales

Los precursores de los estudios del efecto del ejercicio sobre la funcidn cognitiva han
sido los estudios realizados en animales. Estos estudios han permitido observar de
forma directa (a partir de su diseccién y extraccién de tejido cerebral) las alteraciones
fisiolégicas que suceden a nivel cerebral asi, como los cambios en el comportamiento
en relacidn a la funcién cognitiva a partir de la realizacion de un programa de ejercicio.
A través de estos estudios se ha comprobado cdmo un entorno enriquecido a partir del
acceso a medios para la practica de ejercicio, conlleva una mejora en la funcién de
regiones concretas del cerebro como, por ejemplo, el hipocampo (Vaynman et al.,

2004).

Se ha observado como estas mejoras en las estructuras cerebrales podrian deberse
principalmente a tres factores: (1) el aumento de la secrecion de sustancias
neurotréficas que propician la neurogénesis o incremento del nimero de neuronas
(Neeper, GOmez-Pinilla, Choi, & Cotman, 1996; Vaynman et al.,, 2004), (2) la
angiogénesis o aumento de la vascularizacién (van Praag, Shubert, Zhao, & Gage,
2005a), y (3) el aumento de la plasticidad sindptica (sinaptogénesis) o capacidad del
organismo para crear nuevas conexiones entre neuronas (Ding, Vaynman, Akhavan,
Ying, & Gomez-Pinilla, 2006; van Praag, Christie, Sejnowski, & Gage, 1999a). De este
modo, a partir de estos factores, el ejercicio podria poseer la capacidad de incrementar
la funcién cognitiva, la capacidad de aprendizaje y la memoria espacial en animales

(Ding et al., 2006; van Praag et al., 1999a; Vaynman et al., 2004).
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Efectos en humanos adultos

En estudios realizados con humanos adultos, el ejercicio fisico se ha mostrado como
una herramienta potencial para impulsar la funcién de distintas areas de la cognicién
humana en poblaciones de diferente edad (Griffin et al., 2011; Smith et al., 2010;
Vaynman & Gomez-Pinilla, 2006; Voss et al., 2011). Una mayor cantidad de practica de
ejercicio y mejor rendimiento cardiovascular han sido relacionados con el volumen de
varias estructuras cerebrales, como el hipocampo (Chaddock, Erickson, Prakash, Kim,
et al.,, 2010) y los ganglios basales (Chaddock, Erickson, Prakash, Vanpatter, et al.,
2010), los cuales podrian estar posiblemente vinculados con una mejora de la memoria
y la capacidad de aprendizaje (Erickson et al., 2011). Los beneficios de un programa de
intervencién de ejercicio podrian obtenerse cuando el entrenamiento tuviera una
duracién superior a las tres semanas y la intensidad del ejercicio fuera de moderada a
alta (Griffin et al., 2011; McMorris & Hale, 2012; Roig, Nordbrandt, Geertsen, &
Nielsen, 2013). Ademas, este tipo de intervenciones parecen beneficiar especialmente
(1) la capacidad de atencidn y la velocidad de procesado de informacidn, (2) la funcidn

ejecutiva y (3) la memoria (Smith et al., 2010).

Efectos en humanos de edad infantil y pre-adolescentes

A través de varios estudios con participantes en edad escolar, se ha observado cémo
un mayor volumen de practica de actividad fisica y, a su vez, un mejor estado de
condicidn fisica se relacionan positivamente con un mayor rendimiento cognitivo y, al
mismo tiempo, con un mejor rendimiento académico (Castelli, Hillman, Buck, & Erwin,
2007; Fedewa & Ahn, 2011; Kantomaa et al., 2013; Lopes, Santos, Pereira, & Lopes,
2013; Scudder et al., 2014; Sibley & Etnier, 2003; Tomporowski, McCullick, & Pesce,

2015; Trudeau & Shephard, 2008). Mas alld de su asociacidn con el nivel de condicién
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fisica, el rendimiento cognitivo y académico han mostrado verse beneficiados por la
participaciéon de los nifios en un programa de entrenamiento aerdbico. En una revision
reciente Tomporowski, Lambourne y Okumura (2011) explicaron cémo, a pesar del
reducido numero de ensayos clinicos aleatorizados existentes, las intervenciones
mediante actividad fisica de caracter aerdbico y de intensidad moderada a alta
contribuian positivamente a la mejora de la funciéon cognitiva, especialmente de la

funcién ejecutiva, y al rendimiento académico de los nifos.

De este modo, parece ser que el entrenamiento aerdbico de intensidad moderada a
alta tiene la capacidad de incidir positivamente sobre la capacidad cognitiva de los
nifos (Best, 2010; Tomporowski et al., 2011). Aun asi, se precisa de un mayor nimero
de ensayos clinicos aleatorizados que contribuyan a mejorar el conocimiento de la
relacién entre la intervencion mediante ejercicio fisico y el rendimiento cognitivo en

ninos.

1.3.2 Efectos de la practica de ejercicio agudo

Efectos en adultos

Mas alld de los beneficios de un programa de entrenamiento sobre el rendimiento
cognitivo, también se ha demostrado cdmo una sola sesidén de ejercicio fisico aerdbico
puede incidir positivamente sobre la cognicién humana (Griffin et al., 2011). Existe
evidencia de que un ejercicio aerébico agudo puede incidir positivamente y de forma
selectiva sobre varios procesos cognitivos (Chang et al., 2012) e incluso mejorar los
procesos de formacion de la memoria (Coles & Tomporowski, 2008; Roig et al., 2013;
Winter et al.,, 2007). Aun asi, los beneficios obtenidos mediante este tipo de

intervenciones parecen depender en gran medida de ciertos moderadores como: las
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caracteristicas del ejercicio (principalmente la intensidad y la duracién de este), el nivel
de condicién fisica cardiovascular de la persona, la tarea cognitiva a desarrollar y el
tiempo transcurrido entre la sesién de ejercicio y la prueba cognitiva (Chang et al.,
2014, 2012). Especialmente las caracteristicas del ejercicio podrian ser algunos de los
moderadores mas relevantes (Ferris, Williams, & Shen, 2007; Roig et al., 2013; Winter
et al., 2007). Parece ser que un ejercicio de moderada o baja intensidad produciria los
mayores beneficios en aspectos de la cognicién como la atencidn, la funcion ejecutiva
y la velocidad de procesamiento (Chang et al.,, 2012), mientras que la memoria
también podria verse beneficiada de un ejercicio de intensidad superior (Roig et al.,
2013; Winter et al., 2007). De este modo, ejercicios de intensidades demasiado bajas
no producirian ningln beneficio a nivel cognitivo a razén de resultar un estimulo

insuficiente (McMorris & Hale, 2012).

En relacién a la duracién de la sesion de ejercicio, si bien no hay suficiente evidencia
sobre cudl es la duracién 6ptima en relacién a la intensidad para obtener los mayores
beneficios en la funcidn cognitiva, si que se ha observado que ejercicios excesivamente
largos puede generar un exceso de fatiga y deshidratacién, interfiriendo

negativamente en el rendimiento cognitivo (Grego et al., 2005).

Efectos en humanos de edad infantil y pre-adolescentes

Del mismo modo que en personas adultas, en el caso de la poblacién infantil se ha
visto cdmo un ejercicio aerdbico agudo puede inducir mejoras en la capacidad
cognitiva (St-Louis-Deschénes & Ellemberg, 2011; Tomporowski et al.,, 2011;
Tomporowski, McCullick, Pendleton, et al., 2015). El area cognitiva que parece mostrar

un mayor efecto al ejercicio agudo es la funcién ejecutiva (Best, 2010; Chen, Yan, Yin,
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Pan, & Chang, 2014). A demas de la funcidon ejecutiva, también se han observado
resultados positivos en la estimulacion de la memoria a largo plazo a partir de la
practica de ejercicio (Pesce, Crova, Cereatti, Casella, & Bellucci, 2009). De este modo,
parece ser que la practica de una Unica sesién de ejercicio podria tener un efecto
positivo sobre la capacidad cognitiva y el aprendizaje de los nifios. Partiendo de este
precedente, creemos que el ejercicio fisico también podria actuar como un medio para

facilitar los procesos de adaptacién y consolidacién de los aprendizajes motores.

1.4 Efectos del ejercicio agudo sobre el aprendizaje motor de adultos y
ninos

1.4.1 Efectos en adultos

A pesar de que el volumen de evidencia en comparacién con la existente en el estudio
de la capacidad cognitiva y el aprendizaje declarativo es mucho menor, en los ultimos
afios ha surgido un creciente interés por conocer cémo puede afectar el ejercicio fisico
a la capacidad de aprendizaje motor (Taubert et al., 2015). La primera evidencia que
relaciona positivamente el ejercicio fisico y el aprendizaje motor fue la presentada por
Roig et al. (2012). Estos investigadores observaron cédmo la practica de ejercicio de
intensidad elevada, ya fuese aplicado antes o después de la practica en una tarea
motora de adaptacion, tenia un efecto positivo sobre la consolidacién del aprendizaje
a razén de una mejor retencién al cabo de 24 horas y 7 dias. Ademads, en el mismo
estudio también observaron como, a pesar de obtener beneficios parecidos, los
participantes que realizaron el ejercicio después de practicar la tarea motora,
mostraron un mayor rendimiento en la retencidon a los 7 dias que los participantes que

realizaron el ejercicio en primer lugar. De este modo, no solo pusieron en evidencia los
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efectos positivos del ejercicio, sino que también propusieron un posible efecto del
orden de presentacién entre el ejercicio y la practica inicial en la tarea motora. A pesar
de los beneficios encontrados en relacion a la consolidacion, en este estudio no se
observé un efecto del ejercicio sobre el proceso de adaptacion motora y se propuso
como posible causa del efecto nulo el posible estado de fatiga inducido por el ejercicio

antes de empezar la practica de la habilidad.

Posteriormente, otros estudios han ido sumando evidencia en relacion a los beneficios
del ejercicio sobre el aprendizaje motor. Si bien el ejercicio de elevada intensidad no
mostré un efecto sobre el proceso de adaptacién motora (Roig et al.,, 2012), en
estudios posteriores se ha observado cémo a partir de intervenciones de ejercicio de
intensidad moderada se consigue facilitar este proceso (Snow et al., 2016; Statton,
Encarnacion, Celnik, & Bastian, 2015). Aun asi, la intervencion de intensidad moderada
realizada en estos estudios no presentd un efecto positivo sobre la consolidacién de la
habilidad. De este modo, y tal y como se ha comprobado posteriormente, parece ser
gue la intensidad del ejercicio podria tener un papel importante en la facilitacién de los
procesos de adaptacién y consolidacion motora (Thomas, Johnsen, et al., 2016). Asi, el
ejercicio de intensidad moderada mostraria los mejores resultados en relacion a la
estimulacion de los procesos de adaptacién, mientras que los mejores beneficios sobre
la consolidacion motora serian observados a partir de una intervencién de intensidad
elevada (Roig et al., 2012; Snow et al., 2016; Statton et al., 2015; Thomas, Johnsen, et
al., 2016). Ademas del efecto moderador de la intensidad del ejercicio, también se ha
observado que la proximidad temporal entre el ejercicio y la practica en la tarea
motora es de elevada importancia ya que desaparecen los efectos del ejercicio cuando

el tiempo entre una y otra es excesivo (Roig et al., 2016; Thomas, Beck, et al., 2016).
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Ademas de los beneficios encontrados sobre el comportamiento, algunos estudios
también han analizado las posibles causas o mecanismos de estos beneficios.
Concretamente se ha observado que existe una correlacién entre las mejoras en la
consolidacién inducida por el ejercicio y el incremento de la excitabilidad cortico-
espinal (Ostadan et al., 2016). Asi mismo, también se han observado cdmo algunos
biomarcadores (catecolaminas y neurotréficos como el BDNF) asociados a los procesos
de formacién de la memoria a largo plazo (Bekinschtein, Cammarota, lzquierdo, &
Medina, 2008; Ziemann, lliac, Pauli, Meintzschel, & Ruge, 2004) se encuentran
relacionados con la mejora de la consolidacion de la memoria motora inducida por el

ejercicio (Mang et al., 2014; Skriver et al., 2014).

En resumen, parece ser que, a pesar de que el estudio de los efectos agudos del
ejercicio sobre el aprendizaje motor de adultos es relativamente reciente, existe
suficiente evidencia para poder afirmar que el ejercicio fisico, especialmente de
intensidad elevada, puede constituir una herramienta atil para poder facilitar la

consolidacién del aprendizaje motor.

No obstante, existen dos factores que también podrian tener un papel importante en
la relacién ejercicio-aprendizaje motor y de los cuales actualmente se desconoce su
efecto en profundidad: la duracién del ejercicio y las caracteristicas de la propia tarea
motora. En relacidn a la duracién del ejercicio, si bien se ha observado a través de
meta-analisis que los mejores resultados sobre la consolidacidon de la memoria podrian
lograrse ante intervenciones con una duracién de entre 20 y 40 minutos, muy pocos
estudios han utilizado duraciones menores a 20 minutos, limitando asi la

interpretacion de estos resultados (Roig et al., 2013). Asi mismo, en relacion al
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aprendizaje motor, no se ha abordado en ningun estudio el efecto de la duracion del
ejercicio como objetivo principal del estudio. Creemos que el pardmetro de la duracién
del ejercicio puede tener un papel muy relevante en las posibles aplicaciones practicas
de una intervencién de ejercicio con tal de facilitar el aprendizaje. Normalmente, la
disponibilidad de tiempo suele ser una de las principales restricciones para la practica
de ejercicio tanto en adultos como nifios, en entornos como la escuela, donde este
tipo de intervenciones podrian ser aplicadas con una importante repercusién en la
poblacién infantil. De este modo, ampliar el conocimiento de los efectos de la duracidn
del ejercicio permitiria optimizar la duracién de las intervenciones en funcién de las
situaciones donde se quiera utilizar el ejercicio como enriquecedor del entorno y por

tanto recurso estimulador del aprendizaje.

Por ultimo, si bien en varias situaciones se ha observado el efecto positivo del ejercicio
sobre el aprendizaje motor, las tareas motoras utilizadas hasta la fecha han sido
relativamente simples (Mang et al., 2014; Roig et al., 2012; Statton et al., 2015),
implicando Unicamente movimientos de los dedos o la mano y realizdndose dichos
movimientos Unicamente en una sola direccion. Creemos que estudiar el efecto del
gjercicio sobre tareas motoras mds complejas (p. ej. implicacién de varias
articulaciones y con movimientos en dos direcciones) podria ayudar a generalizar los

efectos del ejercicio sobre otras situaciones de aprendizaje motor.

1.4.2 Efectos en nifios
En contraposicién a la creciente evidencia en relacion a los efectos del ejercicio sobre
el aprendizaje motor adulto, existe una evidencia muy limitada en relacién a este

fenédmeno en el caso de poblacidn infantil. Recientemente se ha publicado un estudio
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donde se ha presentado, por primera vez, cdmo a partir de la practica de ejercicio
intenso agudo se puede estimular el aprendizaje motor en los nifios (Lundbye-Jensen
et al., 2017). En esta publicacion, se realizaron dos tipos de intervencién de actividad
fisica, una de ellas limitada a la estimulacidn fisioldgica del organismo a partir de un
ejercicio de carrera de tipo intervalico y la otra también buscando, ademas de la
estimulacion fisioldgica a partir del ejercicio, el establecimiento de interacciones
sociales y una mayor ocupacidn cognitiva a partir de la prdctica de un juego colectivo
de caracter intermitente (floorball), ya que parece que estos ultimos factores podrian
tener un efecto positivo afiadido sobre la capacidad de aprendizaje (Pesce, 2012). Los
resultados de este estudio mostraron que, tanto a partir de un tipo de ejercicio como
de otro, se conseguia estimular la consolidacién de la tarea motora al cabo de siete
dias de forma similar. De este modo, el estudio concluia que, si bien el ejercicio parece
facilitar la consolidacion de los aprendizajes motores en nifios, parece ser que esta
facilitacién vendria principalmente dada por la estimulacion fisiolégica generada a
partir del ejercicio y no por otros factores como la interaccion social o los requisitos

cognitivos de la actividad.

Dada la importancia que tiene el aprendizaje motor durante la etapa de la infancia y
los positivos resultados que ha mostrado la intervencidn mediante ejercicio en el
aprendizaje motor de los adultos y también, recientemente, en nifos, creemos que
profundizar en esta nueva linea de investigacién podria tener repercusiones sociales
importantes. En caso de demostrarse un efecto positivo del ejercicio sobre la
capacidad de aprendizaje motor de los nifios a partir de otras tareas motoras y/o
condiciones relativas a las caracteristicas del ejercicio, se podrian generalizar estos

beneficios del ejercicio y optimizar las recomendaciones practicas de cara a su
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aplicaciéon en situaciones o entornos donde se podria incidir positivamente en el
aprendizaje y desarrollo motor de los nifios como, por ejemplo, la escuela o el
aprendizaje deportivo. Esta tesis doctoral representa un esfuerzo para aportar

evidencia en este campo.
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Capitulo 2: Objetivos e hipotesis de
investigacion
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2.1 Objetivo general

El objetivo general de esta tesis doctoral fue el de analizar los efectos de una

intervencién de ejercicio intenso (iE) sobre los procesos de adaptacion y consolidacion

motora de adultos (estudio 1) y nifios (estudio 2 y 3) en la tarea rVMA. A su vez, nos

propusimos evaluar el efecto del orden de presentacion del iE y la tarea rVMA

(estudios 1y 2) y el efecto de la duracién del iE (estudio 3).

2.2 Hipotesis especificas

Se definieron las siguientes hipdtesis para cada uno de los estudios de investigacidn

realizados dentro del marco de la tesis doctoral:

2.2.1

2.2.2

Estudio 1

En adultos, el iE mejoraria la ratio de aprendizaje cuando fuera presentado
inmediatamente antes del proceso de adaptacion de la tarea rVMA.

En adultos, el iE mejoraria la retencién de la tarea rVMA a corto (1 h), medio
(24 h) y largo (7 dias) plazo.

En adultos, el iE realizado inmediatamente después de la tarea rVMA tendria
un efecto mayor sobre la retencién a largo plazo (7 dias) que presentado antes

de la tarea rVMA.

Estudio 2

En nifos, el iE mejoraria la ratio de aprendizaje cuando fuera presentado
inmediatamente antes del proceso de adaptacién de la tarea rVMA.

En nifios, el iE mejoraria la retencién de la tarea rVMA a corto (1 h), medio (24

h) y largo (7 dias) plazo.
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2.2.3

224

En nifos, el iE realizado inmediatamente después de la tarea rVMA tendria un
efecto mayor sobre la retencién a largo plazo (7 dias) que presentado antes de

la tarea rVMA.

Estudio 3

El iE no tendria un efecto positivo sobre la adaptacién en la tarea rVMA.

El'iE largo (13 min) mejoraria la consolidacién de la tarea rVMA.

El iE corto (5 min) también mejoraria la consolidacién de la tarea rVMA, a pesar

de presentar un efecto menor que el iE largo.

Analisis comparativo de los estudios 1y 2

Los adultos presentarian un mayor rendimiento basal que los nifios en la tarea
rVMA.

Los adultos presentarian un mayor rendimiento durante la adaptacion de la
tarea rVMA que los nifios.

El iE facilitaria la consolidacion motora de los niflos en mayor medida que en los
adultos.

La realizacién de iE antes de la adaptacion de la tarea rVMA seria la estrategia
del orden de presentacién que mayores beneficios daria a los nifios en

comparacion con los adultos.

60



61



Capitulo 3: Metodologia
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Esta tesis doctoral estd compuesta por un total de tres estudios consecutivos.
Utilizando un procedimiento similar, en los tres estudios se evalué el efecto del iE
sobre la adaptacion y consolidacion de la tarea rVMA. ARadido a los tres estudios, en el
séptimo capitulo de la presente tesis doctoral, se ha desarrollado un analisis
comparativo de los datos y resultados obtenidos en los estudios 1 y 2. A continuacién,
se presentarda un resumen de los métodos utilizados para la realizacidon de los tres
estudios. Se recomienda al lector dirigirse a los estudios correspondientes para una
lectura mas detallada de la metodologia y los procedimientos utilizados en cada uno

de ellos.

3.1 Participantes

Un total de 112 personas (29 adultos y 83 nifios) participaron en los estudios. Antes del
inicio del estudio, los propios participantes (adultos) o sus tutores legales (nifios)
fueron informados de los procedimientos del estudio y dieron su consentimiento
escrito de participacién. Ademas, los nifios también dieron el asentimiento escrito de
su participacién. En la Tabla 3.1 se resumen las principales caracteristicas de los
participantes de los tres estudios. El estudio 1 estaba compuesto por la muestra
adulta. Los estudios 2 y 3 estaban compuestos por la muestra de nifios. El estudio 3 fue
realizado en dos localizaciones o Sites diferentes: (1) Barcelona (Catalufia, Espaia) y (2)

Los Angeles (California, Estados Unidos de América).

Los participantes de cada estudio fueron divididos en tres grupos diferentes. En los
estudios 1y 2, con tal de evaluar el posible efecto del orden de presentacion del iE y la
tarea rVMA, se dividieron los participantes en: grupo EX-rVMA (iE antes de rVMA),

grupo rVMA-EX (rVMA antes de iE) y grupo CON (no realizacion de iE). En el estudio 3,
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se dividio a los participantes en: grupo LONG (iE largo antes de rVMA), grupo SHORT (iE
corto antes de rVMA) y grupo CON (no realizacion de iE). Para este ultimo estudio, los
participantes del grupo LONG y CON procedian de las localizaciones 1y 2 (Barcelona y
Los Angeles, respectivamente), mientras que el grupo SHORT procedia Unicamente de
la localizacién 2. En la localizacién 1, los participantes y datos utilizados para este
tercer estudio fueron los registrados durante el estudio 2 de la tesis (grupos EX-rVMA y

CON).

3.2 Aprobacion ética de la investigacion

Los estudios se realizaron de acuerdo con los estdndares de la “World Medical
Association” (Declaracién de Helsinki) y fueron aprobados por el “Comité d’Etica del
Consell Catala de I'Esport” (Site 1) y el “Committee for the Protection of Human

Subjects of the California State University, Northridge” (Site 2).

3.3 Ejercicio intenso (iE)

A lo largo de los estudios se utilizaron dos protocolos de ejercicio diferentes: iE largo
(estudios 1, 2 y 3) y iE corto (estudio 3). Los iE consistian en un ejercicio de carrera
intervalico (intensidad variable) de ida y vuelta en un tramo de 20 m, similar al del test

de carrera lanzada en 20 m (20mSRT), también conocido como Test Course-Navette.
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Tabla 3.1. Caracteristicas de los participantes

Sexo VO*max
(masculino / Masa corporal estimado
Estudio Grupo N femenino) Edad (afios) Altura (cm) (kg) IMC (kg/m?)  (ml/kg/min)
EX_rVMA 10 7/3 20.9+1.8 172.0+12.8 64.7+11.1 21.7+1.4 56.9+3.6
Estudio 1 rVMA_EX 10 7/3 205+1.8 168.7+£9.1 63.8+9.5 22.3+1.8 55.2+5.5
CON 9 7/2 22.1+1.7 168.8+7.9 63.4+5.6 22.3+2.1 52.3+8.1
EX_rVMA 10 7/3 9.2+1.1 135.7 £ 8.7 329+7.3 17.7+£2.5 50.9+4.2
Estudio 2 rVMA_EX 12 8/4 9.1+0.8 133.3+7.2 31.2+7.8 17.3+2.7 51.4+33
CON 11 6/5 8.8+0.7 135.5+6.4 32.8+8 17.7+2.6 51.2+5.6
LONG 17 8/9 9.28+0.7 138.06 +7.2 32.61+6.8 17.04+£3.0 46.16 £ 2.0
Estudio 3 * SHORT 19 11/8 9.19+0.9 135.97+7.6 34.85+8.5 18.65+3.2 44.80%2.9
CON 14 9/5 9.10+£0.6 132.51+5.1 29.78 £ 0.7 16.90+3.5 453629

Nota: *Para el estudio 3, se muestran Unicamente las caracteristicas de los participantes de la localizacién 2 del estudio (Los Angeles, CA, EEUU).
Abreviaciones: indice de masa corporal, IMC; Grupo de ejercicio antes de la tarea motora, EX-rVMA; Grupo de ejercicio después de la tarea motora, rVMA-
EX; Grupo que no realizd ejercicio, CON; Grupo que realizo el ejercicio largo (13 min), LONG; Grupo que realizé el ejercicio corto (5 min), SHORT.
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Durante la ejecucion de los iE se combinaron dos velocidades de carrera: una velocidad
correspondiente al 85% del VO,max estimado de los participantes (velocidad rapida) y
otra al 60% del VO,max estimado de los participantes (velocidad lenta). En ambos iE se
combinaron varios bloques de velocidad rapida y lenta. El iE largo estuvo compuesto
por tres bloques de 3 min a velocidad rapida, separados por dos blogues de 2 min a
velocidad lenta (rdpida + lenta + rapida + lenta + rapida). El iE corto estuvo compuesto
por dos blogues de 2 min de velocidad rapida separados por un bloque de 1 min de
velocidad lenta (rdpida + lenta + rapida). Para animar y facilitar el seguimiento del
ritmo de carrera a los participantes infantiles, un adulto realizé el iE junto a ellos. Con
el objetivo de mejorar el ajuste a las velocidades de ejecucion del iE, antes de iniciar su
ejecucion todos los participantes realizaron un calentamiento consistente en 2 min a
velocidad lenta + 1 min a velocidad rapida. Se dio un descanso de 5 min entre la
finalizacidn del calentamiento y el inicio del iE, donde se permitié a los participantes
realizar estiramientos libres. Durante la ejecucion del iE, se registré la frecuencia
cardiaca de los participantes, latido-a-latido, con un Polar RS800CX (Polar Electro) a

una frecuencia de 1000 Hz.

3.4 Tarea de Adaptacion Visuomotora rotacional (rVMA)

Para la realizacién de la tarea rVMA, los participantes fueron sentados en una silla
enfrente de una pantalla de ordenador situada aproximadamente a un metro de
distancia y a la altura de sus ojos. Los participantes colocaron su brazo derecho encima
de una superficie lisa y con su mano derecha sujetaron un joystick, utilizando una
presa en garra (ver Fig. 1 del Estudio 1). La altura y posicion del joystick fue ajustada

para que los participantes pudiesen mantener una flexion de codo de
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aproximadamente 90° y una posiciéon de hombro cdmoda. Los movimientos del joystick
controlaban un cursor representado por un punto verde en la pantalla. Mediante el
uso del joystick, los participantes debian mover el cursor hacia un punto objetivo de
color rojo que aparecia en ocho posibles localizaciones (45, 90, 135, 180, 225, 270, 315
y 360°) y a una distancia radial de 13 cm desde el centro (Figura 1.5). Una vez
alcanzado el punto objetivo, los participantes debian devolver el cursor al punto de
inicio. Un nuevo punto objetivo aparecia en una localizacién aleatoria cada dos
segundos y permanecia visible Unicamente 750 ms. Las coordenadas cartesianas (X, Y)
de los movimientos del joystick fueron registradas con la utilizacién de una tarjeta A/D
NI-6008 (National Instruments Corporation) a una frecuencia de 120 Hz. Se pidi6 a los
participantes que pasaran por encima del punto rojo, realizando un Unico movimiento

lo mds rapido y recto posible.

En total, se realizaron seis bloques o sets de practica en la tarea rVMA. Los dos
primeros sets se realizaron sin aplicar ninguna rotacién a la tarea (0°). El primer set fue
el de familiarizacion (20 intentos), el cual no se registrd y tenia la funcién de explicar el
funcionamiento basico de la prueba a los participantes. El segundo set fue el basal (BA,
104 intentos), en el cual se registré el rendimiento de los participantes en condiciones
de congruencia de la informacion visual y propioceptiva (sin rotacién). En los cuatro
sets restantes, se aplicé una rotacién de 60° en sentido horario. El primero fue el set
adaptacion (AD, 312 intentos), donde los participantes debian adaptarse a la rotacién
aplicada en la tarea motora. Los tres sets restantes fueron los sets de retencién (RT1,
RT24 y RT7d, 104 intentos cada uno), los cuales fueron realizados 1h, 24 horas o 7 dias

después de la finalizacién del set AD.
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3.5 Procedimiento general

Todos los participantes asistieron a cuatro sesiones experimentales. En la primera
sesion, se valoraron: la cantidad de practica de actividad fisica semanal, la existencia
de posibles contraindicaciones para la prdactica de ejercicio intenso, se tomaron
medidas antropométricas basicas (altura y masa corporal), se registré el nivel de
inteligencia a partir del test de inteligencia no verbal (TONI) y se valoré su estado de
condiciodn fisica a partir de la realizacion del test de ida y vuelta en 20 m (20mSRT). La
segunda sesién fue realizada al menos 48 h después de la primera sesidn. En esta
segunda sesion, los participantes realizaron el iE y los sets de familiarizacién, BA, AD y
RT1 en la tarea rVMA. El iE fue realizado justo antes (Estudios 1 y 2: EX-rVMA; Estudio
3: LONG y SHORT) o justo después (Estudios 1 y 2: rVMA-EX) del set de AD de la tarea
rVMA en funcién del grupo experimental en el que los participantes estaban ubicados
(Figura 3.1). Los participantes de los grupos CON descansaron en lugar de realizar el iE.
Durante los periodos de descanso, se permitié a los participantes leer y mantener una
conversacion, pero no se les permitid escuchar musica o dormir. En las sesiones
tercera (24h después del AD) y cuarta (7 dias después del AD), los participantes

realizaron Unicamente un set de retencidn en cada una de ellas (RT24 y RT7d).
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Figura 3.1. Resumen de los objetivos, estudios, grupos y procedimientos realizados dentro del marco
de la tesis doctoral. Presentacién de los estudios realizados para cada objetivo de la tesis y los grupos y
procedimientos utilizados dentro de cada estudio definiendo los procesos de adaptacién y consolidacion
motora. Abreviaciones: iE, ejercicio intenso; AD, adaptacion; rVMA, adaptacién visuomotora rotacional;
EX-rVMA, grupo de ejercicio antes de la tarea rVMA; rVMA-EX, grupo de ejercicio después de la tarea
rVMA; CON, grupo de no realizacidon de ejercicio; LONG, grupo de iE largo; SHORT, grupo de iE corto;
RT1, test de retencidn 1 h después de la AD; RT24, test de retencion 24 h después de la AD; RT7D, test
de retencién 7 dias después de la AD.

3.6 Variables

A partir de las coordenadas cartesianas del cursor controlado por el movimiento del
joystick, se definid el inicio y final del movimiento de cada intento. El inicio del
movimiento se definid como el instante en el que la posicion del cursor estaba lo mas
cercana a un 10% de la distancia entre el origen del movimiento y el punto objetivo. El
final del movimiento se defini6 como el momento en el que la velocidad de
movimiento disminuyd un 90% respecto a su valor maximo. A partir de estos puntos de
inicio y final, se calculé para cada intento de la tarea rVMA el tiempo tardado en

realizar la trayectoria o tiempo de movimiento (MT, ms). Asi mismo, se calcularon la
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longitud de dicha trayectoria (TD, cm) y el tiempo de reaccidn, expresado como el
tiempo entre la aparicion del punto objetivo y el inicio del movimiento (RT, ms).
También, para todos los sets, se calcularon dos pardmetros de error: el error
direccional inicial (IDE, grados) y la raiz del promedio de los errores al cuadrado (RMSE,
cm) (Figura 3.2). El IDE fue calculado como medida del error antes de la posible
correccion de la trayectoria a partir de los mecanismos del feedback y, por lo tanto,
supuso una medida de la planificacion motora (Contreras-Vidal et al., 2005). Para el
calculo del IDE, se computd la diferencia angular entre la trayectoria ideal del
movimiento (vector lineal desde el punto central hasta el objetivo) y el vector lineal
entre el punto central y las coordenadas del cursor correspondiente a los 80 ms desde
el inicio del movimiento de la trayectoria real. El RMSE se utiliz6 como medida de error
en el conjunto de la trayectoria, durante la cual podian existir correcciones realizadas a
partir de los mecanismos de feedback perceptual. El RMSE fue calculado a través de la

siguiente ecuacion:

N
1
RMSE = | ) [0 = x2)* + 01 = ¥2)’l
-

L

Donde (x1, Y1) Y (X2, Y2) son las coordenadas de la trayectoria real y la trayectoria ideal,

respectivamente, y N es el nUmero de puntos en la trayectoria.

Durante el set de AD, se calculd la ratio de aprendizaje (RL) a partir del ajuste de los
valores de error de todos los intentos del set de AD tanto para IDE como RMSE (RL-IDE
y RL-RMSE). Para este calculo, se agruparon los intentos de 8 en 8, en lo que definimos

como epoch (Krakauer et al., 2005). Tal y como se ha observado en otros estudios
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(Krakauer et al., 2005), el error durante la AD siguié una dindmica decreciente que

mostré ajustarse a una funcién exponencial doble:

y=axel* —cxed

Donde y es la medida de error, x es el nimero del epochy a, b, c y d son parametros.
La medida de RL utilizada fue la correspondiente a la ratio inicial, representada por un
decrecimiento rapido del error. Para ello, se calculd la primera derivada de la primera
mitad de la funciéon doble exponencial y fue evaluada con un valor de epoch igual a 1,
de forma similar a como ha sido descrito en otros estudios (Coats, Wilson, Snapp-

Childs, Fath, & Bingham, 2014).
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Posicion inicial X Posicion 80ms

Punto objetivo === |DE

Trayectoria cursor RMSE
=== Trayectoria ideal

Figura 3.2. Representacion esquematica de las variables de error computadas. La variable del error
direccional inicial (IDE, linea azul punteada) fue representada por el valor del dngulo formado entre la
trayectoria ideal y la trayectoria lineal del cursor a los 80 ms del inicio del movimiento. La trayectoria
ideal fue definida por el vector lineal entre la posicidn inicial de la tarea (punto azul) y el punto objetivo
(punto rojo). La trayectoria lineal del cursor a los 80 ms fue definida por el vector lineal (linea azul) entre
la posicién inicial y la posicidon correspondiente a 80 milisegundos desde el inicio del movimiento (x
azul). El RMSE fue computado como la raiz del promedio de los errores al cuadrado a partir del vector
ideal del movimiento y la trayectoria real del cursor (linea verde).

72



73



Capitulo 4: Estudio 1 - Enhancing
consolidation of a rotational visuomotor
adaptation task through acute exercise

Autores: Blai Ferrer-Uris, Albert Busquets, Virginia Lopez-Alonso, Miguel

Fernandez-del-Olmo, Rosa Angulo-Barroso
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4.1 Abstract

We assessed the effect of a single bout of intense exercise on the adaptation and
consolidation of a rotational visuomotor task, together with the effect of the order of
exercise presentation relative to the learning task. Healthy adult participants (n = 29)
were randomly allocated to one of three experimental groups: (1) exercise before task
practice, (2) exercise after task practice, and (3) task practice only. After familiarization
with the learning task, participants undertook a baseline practice set. Then, four 602
clockwise rotational sets were performed, comprising an adaptation set and three
retention sets at 1 h, 24 h, and 7 days after the adaptation set. Depending on the
experimental group, exercise was presented before or after the adaptation sets. We
found that error reduction during adaptation was similar regardless of when exercise
was presented. During retention, significant error reduction was found in the retention
set at 1 h for both exercise groups, but this enhancement was not present during
subsequent retention sets, with no differences present between exercise groups. We
conclude that an acute bout of intense exercise could positively affect retention,
although the order in which exercise is presented does not appear to influence its

benefits during the early stages of consolidation.
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4.2 Introduction

Humans learn and relearn numerous skills throughout their lives. Learning, along with
brain function, is known to be influenced by many factors, including engagement in
physical activity and a healthy lifestyle (Vaynman & Gomez-Pinilla, 2006). Physical
activity, in particular, has been shown to have a positive impact on brain function and
cognition (Hillman, Erickson, & Kramer, 2008), with supportive evidence coming from
both animal and human studies (Ding et al., 2006; Griffin et al., 2011; Neeper et al.,
1996; van Praag, Christie, Sejnowski, & Gage, 1999b; van Praag, Shubert, Zhao, & Gage,
2005b; Vaynman & Gomez-Pinilla, 2006; Vaynman et al., 2004; Voss et al., 2011). In a
recent review, aerobic exercise training programs were shown to improve attention
and processing speed, executive function, and memory (Smith et al., 2010). However,
these benefits seem to depend on characteristics of the exercise, including its mode,
intensity, and duration (Chang et al., 2012). More specifically, the benefits of exercise
are aroused not only by training programs but also by acute bouts of exercise (Griffin
et al.,, 2011). The evidence suggests that an acute bout of exercise can selectively
improve various cognitive processes and enhance memory (Chang et al., 2012; Coles &

Tomporowski, 2008; Roig et al., 2013; Winter et al., 2007).

Despite the growing knowledge base concerning how exercise influences cognitive
function, research is scarce regarding how exercise affects specific types of memory.
Long-term memory formation requires a two-step process: first, the acquisition
(adaptation) of sensory information that will be stored as short-term (working)
memory (lasting from seconds to 1-2 minutes) (Strauss, Spreen, & Sherman, 2006); and

second, the consolidation of such memory so it becomes more stable and resistant to
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perturbation (Bekinschtein et al., 2008; Robertson, Pascual-Leone, & Miall, 2004).
Long-term memory can be split into declarative and non-declarative memory, with the
latter being more relevant to learning motor skills (Squire, 2004). To our knowledge,
the following articles have explored the effects of an acute exercise intervention on
adaptation and retention of this concrete type of memory. Typically, motor memory
consolidation is assessed via retention tests and therefore both terms are used

interchangeably in the literature (Krakauer & Shadmehr, 2006).

Statton et al. (Statton et al.,, 2015) showed how a moderate-intensity running bout
enhanced motor adaptation on the sequential visual isometric pinch task. However,
adaptation enhancement did not lead to better retention of the motor skill. Roig et al.
(Roig et al., 2012) studied how an intense acute bout of exercise (cycling) could
improve motor adaptation and consolidation of a manual tracking task. Although it did
not improve adaptation, exercise had a positive effect on mid-term (24 h) and long-
term (7 days) skill retention. Moreover, they found that the presentation order of the
exercise in relation to the learning task affected the outcome, with participants who
exercised immediately after a learning task showing superior long-term skill retention
compared with participants who exercised immediately before. Preceded by Roig’s
study, Mang et al. (Mang et al., 2014) observed that a single bout of intense cycling
presented before a sequence-specific motor learning task (continuous tracking)
enhanced adaptation and mid-term retention (24 h). Additionally, in a posterior study,
the same authors observed that an equal exercise bout improved relearning of a
discrete motor sequence task 24 h after adaptation (Mang, Snow, Wadden, Campbell,
& Boyd, 2016). Overall, Mang’s results suggest that intense exercise could strengthen

the adaptation and retention of the motor skill.
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The previously cited studies utilized tasks that required some form of motor
adaptation while also including (Mang et al., 2014; Statton et al., 2015) or not (Roig et
al., 2012) learning of an implicit sequence. Unfortunately, Roig’s and Mang’s studies
used similar learning paradigms which limits their generalizability to other procedural
learning situations. Moreover, when including the research of Statton et al. (2015), the
motor tasks in these studies only required pinch, wrist, or thumb movements in a
single direction (e.g. left-right). More complex motor learning paradigms, involving
multi-joint and multi-plane movements, are needed to expand our understanding of
how exercise can affect the learning process of other gross motor skills. Also, it is
unclear how exercise characteristics moderate the exercise effects on adaptation and
retention of motor skills. Consequently, a different exercise protocol and learning task
is necessary to clarify the extent of exercise-induced benefits on cognitive processes
and memory. Lastly, because of the limited evidence regarding the effect of the
exercise presentation order in relation to the learning task (Roig et al., 2012), further
research is needed to clarify what presentation order is best to enhance motor

learning.

Here, we investigated the effect of running as an acute intense exercise (iE) on the
adaptation and retention of a rotational visuomotor adaptation task (rVMA). In
addition, we examined the effect of the presentation order of the iE in relation to the
rVMA task on retention. We hypothesized that (1) iE would improve the learning rate
when presented immediately before the adaptation process of the rVMA task; and (2)
iE would improve the rVMA retention process in the short- (1 h), mid- (24 h) or long- (7

days) term. Additionally, we also aimed to explore the effect of the presentation order
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of the iE and the rVMA task to observe if presentation order may lead to differences

on long-term retention.

4.3 Materials and Methods

4.3.1 Participants

In total, 29 adults participated in this study, of whom 21 were males and 8 were
females (7 male participants in each group); their mean age, height, and body mass
was 21.2 + 1.9 years, 169 + 10 cm, and 64.0 + 80.8 kg, respectively (see Tabla 4.1 for
participants’ background characteristics). Participants had no prior experience with the
proposed learning task (i.e., the rVMA). The exclusion criteria for participation were
selected in part to ensure compliance with the exercise protocol and the learning task:
left-handedness; low engagement in physical activity; a body mass index above 30
kg/m2; below-average intelligence; a self-reported history of neurological, psychiatric,
or physical impairment; uncorrected vision worse than 20/20; current medication or
recreational drug use that may affect the nervous system or the ability to learn; and
smoking. Participants were randomly assigned to one of three groups based on the
relationship between the rVMA task and iE: (1) rVMA after exercise (EX-rVMA); (2)
rVMA before the exercise (r'VMA-EX); and (3) rVMA only (CON). Randomization was
checked to ensure in age and fitness level among the three groups, as these factors
have been reported to affect how acute exercise alters cognitive performance (Labelle,

Bosquet, Mekary, & Bherer, 2013).
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Tabla 4.1. Group characteristics

EX_rVMA rVMA_EX CON
n 10 10 9
Sex (male/female) 7/3 7/3 7/2
Age (years) 209+1.8 20.5+1.8 22.1+£1.7
Height (cm) 172.0+12.8 168.7+9.1 168.8+7.9
Body mass (kg) 64.7 £11.1 63.8+9.5 63.4+5.6
BMI (kg/m?2) 21.7+1.4 22.3+1.8 223121
TONI-2-1Q 121.4+6.8 1213+64 125.6+6.4
Estimated VO,max (ml/kg/min) 56.9+3.6 55.2+5.5 52.3+8.1
20mSRT HR (bpm) 186.1+9.3 188.1+104 186.2+9.7
iE estimated 85% VO,max HR (bpm)  182.9+11.4 185.9 £ 12.6 -
iE_estimated 60% VO,max HR (bpm) 161.2+14.4 166.4 + 13.8 -

Abbreviations: BMI = Body mass index; CON = no-exercise group; EX-rVMA = rVMA after exercise group;
rVMA = rotational visuomotor adaptation task; rVMA—EX = rVMA before exercise group; TONI-2-IQ =
Test of Nonverbal Intelligence version 2— Intellectual quotient; estimated VO,max = estimated maximal
oxygen uptake; 20mSRT = 20 meter Shuttle Run Test; HR = Heart Rate; iE = intense Exercise. HR during
the 20mSRT was calculated as the meantSD of the last completed minute. HR during the iE was
calculated as meantSD during the last 30 seconds of each estimated 85% or 60% VO,max intensity
interval.

The study was approved by the Clinical Research Ethical Committee of the Catalan
Sport Administration. All participants provided written consent before the study

commenced.

4.3.2 The rVMA task

The rVMA was conducted in a quiet room. Participants were seated in front of a 19-
inch computer screen on which the task was presented. The screen was adjusted to
eye level and sited at a distance of 1 meter. Participants’ right arms were then rested
over a height-adjustable flat surface to maintain 902 elbow flexion and a comfortable
shoulder position. Participants were asked to grasp a non-isometric joystick with their
right hand to control a green dot measuring 1 x 1 cm. They were instructed to use a
claw-like grip, and to maintain this across all trials (see Figura 4.1 for a detailed

overview of the rVMA setup). An NI USB-6008 card (National Instruments) registered
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the x, y cartesian coordinates and their corresponding time-points of the joystick
movements at a frequency of 120 Hz. Targets randomly appeared every 2 s as red dots
(1 x 1 cm) in eight different locations (452, 909, 1352, 1809, 2252, 2702, 3152, and 3609,
in reference to the vertical midline) at a radius of 13 cm from the center. Each target
remained visible for 750 ms. Participants were instructed to start from the center and

were encouraged to move the green dot over the target (red dot) and back to the

center as fast and as straight as possible in a single movement.

Figura 4.1. The rotational visuomotor adaptation task (rVMA). Illustration of the setup for the
rotational visuomotor adaptation task (rVMA).

4.3.3 TheiE bout
The acute bout of iE consisted of a 13- min 20-m shuttle run combining a fast and slow

speed based on a percentage of the estimated VO,max (see Procedure): the fast speed
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corresponded to 85% of the estimated VO,max, and the slow speed corresponded to
60% of the estimated VO,max. The iE proceeded as follows: 3 min fast + 2 min slow + 3
min fast + 2 min slow + 3 min fast. Exercise protocols of similar intensity have been
previously used (Mang et al., 2014; Roig et al., 2012) and high intensity interval
exercise has recently found to enhance motor learning (Thomas, Johnsen, et al., 2016).
Before starting the iE, a 3-min warm-up session was completed (a 2-min slow run and
1-min fast run) to familiarize participants with the iE speeds. A 5-min rest and free
stretch period was also permitted before starting the iE. In the case of participants in
the EX-rVMA and the rVMA-EX groups, the transition time between the iE and the
rVMA was 4 min. We also recorded the participants’ beat-by-beat values for the
intervals between electrocardiogram R waves (RR intervals) during the exercise using a
Polar RS800CX (Polar Electro) at a frequency of 1 KHz to monitor the exercise intensity.
Calculated mean and SD for the heart rate (HR) values of the last 30 seconds of each

speed interval are presented in Tabla 4.1.

4.3.4 Procedure

Four sessions were conducted for each participant (Figura 4.2).

In the first session, we reviewed whether the participant met any of the exclusion
criteria and assessed their fitness level. Participants were asked to answer a self-report
guestionnaire related to the exclusion criteria, which included the Physical Activity
Readiness Questionnaire (PAR-Q) to assess health status, and the International
Physical Activity Questionnaire short version (IPAQ) to assess engagement in physical
activity. Basic anthropometry measures (height and body mass) were taken. To assess

fitness level (estimated VO,max), participants did a 20-m shuttle run test (20mSRT)
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(Léger, Mercier, Gadoury, & Lambert, 1988). During the 20mSRT, beat-by-beat RR
values were recorded using a Polar RS800CX (Polar Electro) at a 1 KHz frequency. At
the end of the first session, participants undertook the Test of Nonverbal Intelligence
version 2 (TONI-2) to assess their intelligence level (TONI-2 Intelligence quotient, TONI-
2-1Q). Between the first and the second session, participants were allowed to rest for

at least 48 h.

In the second session, all participants performed the rVMA task, but only the
experimental groups performed the exercise protocol. The session started with a
familiarization set (20 trials) of non-registered practice in the rVMA task without
rotation (02). When the familiarization set ended, the baseline set was done without
rotation (02; 104 trials). Next, participants did an adaptation set (312 trials) in the
rVMA task, with a clockwise rotation of 602 applied to the cardinal coordinates of the
cursor movement. Because of this rotation, movements of the hand and joystick
appeared on the screen with a clockwise deviation of 602. An example of the early and
late trajectories of the cursor movement during the adaptation set is presented in
Figura 4.3. At this point, the procedure was defined by the participant’s group. The
exercise groups did a 13-min iE session before (EX—rVMA group) or after (rVMA-EX
group) the adaptation set. Mirroring the rVMA-EX group, the CON group did the
adaptation set immediately after the baseline set, but without doing any exercise after
completing the adaptation; only reading or holding a conversation was allowed. At 1
hour after the adaptation set, all participants did a 602 clockwise retention set (i.e., the
RT1h; 104 trials). During this second session, participants were not allowed to listen to

music, do any supplementary exercise, or to sleep.
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Sessions three and four were held 24 hours and 7 days after the second session to
assess mid- and long-term rVMA retentions, respectively. A 602 clockwise retention set

(104 trials) was done in each session (RT24h and RT7d, respectively).

SESSION 1

Questionnaire answering

Anthropometry

20 meter shuttle run test

Test of non-verbal intelligence

SESSION 2

rVMA familiarization set
(20 trials 0°)

rVMA baseline set
(104 trials 0°)

EX-r'VMA r'VMA-EX CON
i rVMA adaptation set
(312 trials 60°) rVMA adaptation set
rVMA adaptation set _ (312 trials 60°)
(312 trials 60°) IE

rVMA retention set after 1 h
(104 trials 60°)

SESSION 3 and 4

rVMA retention set after 24 h
(104 trials 60°)

rVMA retention set after 7 days
(104 trials 60°)

Figura 4.2. Schematic overview of the experimental procedure. In session 2, after the rVMA task
baseline sets, participants were divided into three groups based on the order of rVMA presentation and
whether iE was used. Abbreviations: CON = no-exercise group; EX-rVMA = rVMA after exercise group; iE
= intense exercise: IDE = initial directional error; RL = Rate of learning; RMSE = root mean squared error;
rVMA = rotational visuomotor adaptation task; rVMA—EX = rVMA before exercise group



Early Adaptation Late Adaptation

— —

7

Figura 4.3. Early and late rVMA cursor trajectories during the adaptation set. The first and last 32 trials
of a random participant are shown in the figure. A color has been assigned to each target and its
corresponding trajectories to facilitate reading. Greater deviations from the target can be observed
during the early adaptation in comparison to the late adaptation. During the test, all targets were
presented as red dots.

4.3.5 Data reduction

Custom-made MATLAB R2014b programs (The MathWorks) were used to fit and
reduce data. Cartesian positions were low-pass filtered using an eighth-order dual-pass
Butterworth filter (cut-off frequency: 12 Hz). Only trials where the start was initially
found within 20% of the center-to-target distance were accepted. Movement onset
was defined as the nearest point to an outward movement equal to 10% of the center-
to-target distance. The movement offset was defined as the point where the speed
decreased to 10% of the maximum speed. In addition, we rejected trials in which the
traveled distance did not reach 90% of the center-to-target distance. Overall, a total of
110 trials were rejected, which represents a 0.52% of the total executed trials. There

were no group differences in the number of trials used for further analyses (Kruskal-
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Wallis One-Way ANOVA, p = 0.478). Finally, all rV¥MA sets were divided into epochs of

eight trials each for analysis purposes.

4.3.6 Variables

As descriptive variables of movement, we calculated the movement time (MT, ms), the
travel distance (TD, cm), and the reaction time (RT, ms), which was defined as the time
between target appearance and movement onset. The following movement output
error variables were calculated, as presented in previous research (Contreras-Vidal et
al., 2005): absolute angular initial directional error (IDE, degrees) and root mean
squared error (RMSE, cm). IDE was calculated as the difference between the ideal
trajectory, defined by the vector between the center point to the target, and the real
trajectory, defined by the vector between the center point to the trajectory point at 80
ms after the movement onset. The 80 ms time point was selected to avoid possible
corrections guided by visual feedback. RMSE, as straightness measure of the entire
movement was calculated, considering the real joystick trajectory and the ideal

trajectory (characterized by a straight line), as follows:

N

1
RMSE = |3 [Cn = 2)7 + (1 = 72)%] 5

i=1

where (x1, y1) and (xp, y») are the coordinates of the real and ideal trajectory,

respectively, and N is the number of points in the path.

As seen in other studies (Krakauer et al., 2005), we observed an initial rapid change in

the error reduction rate followed by a slower decline during the adaptation set. We
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found that these data were best fitted by a double-exponential decay function of the

form:

y=axel* —cxed*

where y is the error, x is the epoch number and a, b, ¢, and d are parameters.

To capture the initial rate of learning (RL), we computed the first derivative of the first
half of the function and evaluated it at epoch 1, similarly to the method described by
Coats et al. (Coats et al., 2014), for both IDE (RL-IDE) and RMSE (RL-RMSE). All
individual correlations were visually inspected for a plateau suggesting that learning
was achieved and all correlation values were above 0.8 (RL-IDE r = 0.81 — 0.98; RL-

RMSE r = 0.87 — 0.99).

4.3.7 Data analysis

The assumption of normality was explored with the Shapiro—Wilk test for all variables.
As appropriate, variables were transformed or subject to alternative non-parametric
tests when the assumption of normality failed. Similarities in age and fitness level
(estimated VO,max) among groups were explored by one-way analysis of variance
(ANOVA). To ensure that the rVMA baseline performance was similar across the three
groups, we compared the mean value for each variable (MT, TD, RT, IDE, and RMSE)

using ANOVA. The statistical significance was set at p < 0.05 for all comparisons.

To address the first hypothesis, Student’s t-tests were conducted to analyze the effect
of the iE on the average performance of the motor skill adaptation (MT, TD, RT, IDE,
and RMSE), comparing those participants who exercised before the rVMA task (i.e. EX—

rVMA group [exercise cohort]) to those who did not (i.e. 'VMA-EX + CON groups [no-
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exercise cohort]). When unequal variances were found, Welch’s t test correction was
used. We also evaluated the differences between the exercise and the no-exercise
cohorts in the rate of learning of the motor skill (i.e., the RL-IDE and RL-RMSE) by using
the Mann—Whitney U test. In addition, to examine the relation between the degree of
learning at 1 h and the adaptation set of both error variables (IDE and RMSE), we used
the Pearson correlation coefficient between the end of the adaptation (average of last

4 epochs, 32 trials) and the start of the RT1h (average of first 4 epochs, 32 trials).

Regarding the second hypotheses and the aim to explore the effect of the presentation
order of exercise and the learning task, averages were calculated for each variable
(MT, TD, RT, IDE, and RMSE) and each rVMA retention set. Differences in the averaged
retentions of the motor skill were analyzed by two-way (group x set) repeated-
measures ANOVA, with Greenhouse—Geisser sphericity-corrected values reported
when appropriate. Where a significant difference occurred, Bonferroni post hoc

analyses were performed.

Finally, the effect sizes for the different tests were calculated according to Cohen's
criteria (Cohen, 1988): d was used for t-tests (0.2, 0.5, and 0.8 for small, medium and
large effects, respectively); r for the Mann—Whitney U test (0.1, 0.3, and 0.5 for small,
medium and large effects, respectively); and n’p for ANOVAs (0.01, 0.06, and 0.14 for

small, medium, and large effects respectively).
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4.4 Results

Age and fitness level (assessed by the estimated maximal oxygen uptake [VO,max])
along with descriptive and error variables for the rVMA during the baseline set were
explored to ensure that there were no baseline differences among groups. Age (F, 26
= 2.120; p = 0.140; n’p = 0.140) and estimated VO,max (F2, 26) = 1.433; p = 0.257; n’p =
0.099) parameters revealed no group differences (see Tabla 4.1 for means and
standard deviation [SD]). Baseline set analysis showed similar rVMA descriptive values
among the groups for MT (F(2, 26) = 0.098; p = 0.907; n’p = 0.007), TD (Fi2,26)=0.320; p =
0.729; n’p = 0.059), and RT (F, 26 = 1.677; p = 0.207; n°p = 0.114). In addition, there
were no group differences for the error variables, neither for the IDE (F(,, 26) = 00.820; p
= 0.451; n’p = 0.059) nor for the RMSE (Fi2, 26) = 0.253; p = 0.778; n’p = 0.019) (see
Tabla 4.2 for means and SD). These results suggested that the randomization
procedure was effective in balancing the groups, and that the movement
performances were comparable across the three groups in the baseline set of the

rVMA task.

89



Tabla 4.2. Mean and SD performance values on the rotational visuomotor adaptation task (rVMA) for
each group and set.

EX-rVMA rVMA-EX CON
Baseline
MT (ms) 144.49+17.6 143.04 £ 36.0 149.19 £ 37.5
TD (cm) 7.42+0.3 7.49+04 7.56+0.4
RT (ms) 346.50 + 24.2 329.74+17.8 340.37+19.3
IDE (deg) 5.08+£1.0 57919 5.30+0.5
RMSE (cm) 0.79+0.0 0.81+0.0 0.80+0.1
Adaptation
MT (ms) 154.63 £ 16.6 155.20+37.8 172.01£49.8
TD (cm) 7.43+£0.3 7.52+04 7.53+0.4
RT (ms) 343.64 £ 37.5 348.97 + 18.9 350.25+30.3
IDE (deg) 16.07 £3.0 14.89+3.0 18.42+3.1
RL-IDE -11.66+6.1 -12.40+8.3 -11.02+7.9
RMSE (cm) 1.55+0.2 1.45+0.2 1.68+0.3
RL-RMSE -0.99+0.6 -0.99+0.8 -5.47 £13.0
Retention 1h
MT (ms) 148.02 £ 18.2 139.07 £ 25.9 161.71+48.1
TD (cm) 7.37+0.3 7.45+04 7.53+0.9
RT (ms) 350.99 + 33.7 344.03+24.1 346.66 +35.4
IDE (deg) 9.70+1.4 9.43+2.2 12.53+2.3
RMSE (cm) 1.08 +0.1 1.08+0.2 1.24+0.3
Retention 24h
MT (ms) 148.13 £ 16.3 136.41 +28.9 153.58 £ 43.5
TD (cm) 7.60+0.3 7.92+04 7.81+£0.6
RT (ms) 341.62 £ 29.5 336.62 +24.3 335.11+28.3
IDE (deg) 11.66 +2.3 11.92+2.2 12.39+2.2
RMSE (cm) 1.27 +0.1 1.31+0.2 1.31+0.3
Retention 7 days
MT (ms) 143.46 £ 23.1 138.96 £ 29.8 148.73 +41.3
TD (cm) 7.68+0.4 7.85+0.4 7.61+0.4
RT (ms) 338.62 +29.2 334.70+23.3 331.26+26.4
IDE (deg) 10.83+2.0 11.56+2.6 11.12+2.3
RMSE (cm) 1.20+0.1 1.28+0.2 1.20+0.2

EX-rVMA = rVMA after exercise group; rVMA-EX = rVMA before exercise group; CON = no-exercise
group; MT = movement time ; TD = travel distance ; RT = reaction time ; IDE = initial directional error ;
RMSE = root mean squared error ; RL = rate of learning.
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In the adaptation set we evaluated the impact of iE on the averaged descriptive and
error variables, and on the initial error reduction on RL (Tabla 4.2). The t-tests showed
similar results between those who exercised before the rVMA (exercise cohort) and
those who did not (no-exercise cohort) for MT (t7) = -0.579; p = 0.568; d = 0.199), TD
(t27) = -0.695; p = 0.493; d = 0.283), and RT (t;7) = -0.631; p = 0.533; d = 0.229). Means
and SDs for the no-exercise cohort were: 163.16 + 43.49 ms for MT, 7.53 £ 0.39 cm for
TD, and 349.57 + 24.24 ms for RT (see EX—rVMA group values in Tabla 4.2). Comparison
of the averaged errors also revealed similar performance between cohorts for the IDE
(t27) = -0.385; p = 0.703; d = 0.154) and the RMSE (t7) = -0.102; p = 0.919; d = 0.043)
with means in the no-exercise cohort of 16.56° + 3.45° and 1.56 + 0.29 cm for IDE and
RMSE respectively. Similarly, the Mann—Whitney U test showed comparable cohort
results regarding the rate of learning for RL-IDE (exercise cohort median =-12.26°; no-
exercise cohort median = -10.83°; U = 88; p = 0.748; r = 0.05) and RL-RMSE (exercise
cohort median =-0.92 cm, no-exercise cohort median =-0.78 cm; U =82; p=0.551; r =
0.11) (Figura 4.4). These data mean that all participants adapted at a similar rate.
Furthermore, taking together, all participants showed that performance at the end of
the adaptation was significantly and positively correlated with the beginning of the
RT1h (IDE r = 0.46, p = 0.012; RMSE r = 0.578, p = 0.001) (Figura 4.5). These results
revealed that the exercise had no significant effects on the movement approach, the

error values, or the error decrease rate during the adaptation set.
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Figura 4.4. Comparison of the RL for the rVMA during the adaptation set between participants who
did and did not perform exercise before the rVMA. RL was calculated for the error variables IDE and
RMSE and expressed by mean and SD. Abbreviations: IDE = initial directional error; RL = Rate of learning;
RMSE = root mean squared error; rVMA = rotational visuomotor adaptation task.
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Figura 4.5. Correlation between error performance at the end of the adaptation and the start of the
RT1h of the rVMA. IDE and RMSE mean errors were calculated at the end of the adaptation set (last 32
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adaptation and the start of RT1h were significantly correlated for both error variables: IDE and RMSE.
Abbreviations: RT1h = retention set at 1h from adaptation set; IDE = initial directional error; RMSE = root
mean squared error; rVMA = rotational visuomotor adaptation task.
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Repeated-measures ANOVA was used to assess differences among groups during the
retention sets (short-term = 1 h [RT1h]; mid-term = 24 h [RT24h]; and long-term =7 d
[RT7d]) of the rVMA task (Tabla 4.2 and Figura 4.6). There were no significant
differences in the interaction between groups and sets regarding MT (F4, 52) = 2.107; p
= 0.093; n’p = 0.139), TD (F(4, 52) = 1.161; p = 0.338; n°p = 0.082), and RT (F4, 52 = 0.192;
p = 0.942; n’p = 0.015). By contrast, significant group x set interactions were found,
with a large effect size, for both IDE (F(4, 52y = 30.946; p = 0.007; nzp = 0.233) and RMSE
(Fa, 52) = 3.685; p = 0.010; n’p = 0.221). Post hoc analysis only depicted a significant
difference for the IDE at RT1h, with both exercise groups (EX—rVMA: p = 0.014; rVMA-
EX: p = 0.007) showing lower error values than the CON group, indicating a positive
effect of exercise on the RT1lh. No significant differences were found among the

groups at RT24h and RT7d.
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Figura 4.6. Error values among groups for the rVMA during the retention sets. Error values (mean and
SD) are shown for the rVMA during the retention sets (short, RT1h, mid, RT24h, and long-term
retention, RT7d). Significant differences between groups are represented by (*). Abbreviations: CON =
no-exercise group; EX-rVMA = rVMA after exercise group; IDE = initial directional error; RL = Rate of
learning; RMSE = root mean squared error; RT = reaction time (shown at 1 h = 24 h = and 7 days); rVMA
= rotational visuomotor adaptation task; rVMA—EX = rVMA before exercise group.
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4.5 Discussion

In this experiment, we sought to assess the effect of a single bout of iE on the
adaptation to, and retention of, an rVMA task. We also investigated whether the order
of task and exercise presentation produced different retention results. Regarding the
adaptation set, there were no differences in the rVMA between those who did and did
not exercise before the task, as evaluated by output movement error variables (RL-IDE
and RL-RMSE), indicating that exercise did not contribute to improving the RL.
Likewise, the overall movement error performance (IDE and RMSE) and descriptive
(MT, TD and RT) parameters were not enhanced by the exercise bout. Thus, these
results did not support our hypothesis that exercise would have a positive effect on
motor adaptation when presented before motor tasks(Mang et al., 2014; Statton et al.,

2015).

Timing between exercise and task presentation, the task characteristics (type of task
and complexity), and the exercise characteristics (type of exercise, duration, and
intensity) are some of the factors that have been seen to modulate this exercise-brain
function relation (Chang et al., 2012; Lambourne & Tomporowski, 2010; McMorris &
Hale, 2012; Roig et al., 2016).It is possible that the exercise intensity used in the
present study may havehindered the possible beneficial effects of exercise for
adaptation to the motor task after exercise. Similar results have been obtained by Roig
et al. (Roig et al.,, 2012), who showed that a bout of high-intensity exercise before
practicing a manual tracking task had no impact on adaptation. They proposed that
exercise could induce fatigue, thereby hampering the possible benefits of exercise

during adaptation by decreasing the accuracy. Considering the similarities between the
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exercise used in this and in Roig’s study (Roig et al., 2012), we speculate that fatigue, in
addition to excessive arousal, may have caused the observed results in the adaptation
set of the rVMA task. However, Mang et al. (Mang et al., 2014) found that, despite
using a similar high-intensity exercise program to the one used by Roig et al. (Roig et
al., 2012), participants who exercised before the motor task adaptation had enhanced
performance. Despite this enhanced adaptation, exercise-induced benefits were only
observed in the temporal components of the motor task. In the present study, exercise
did not boost motor adaptation on any of the spatial or temporal task parameters,
possibly because of the moderating effects of task characteristics over exercise-
induced benefits (Chang et al., 2012). Thus, further research is necessary on the effects

of high-intensity exercise on complex motor learning paradigms in task adaptation.

Regarding retention, IDE values were improved during short-term retention (RT1h) in
both exercise groups. IDE is thought to reflect the planning of the movement direction,
and thus the state of the internal model of the skill (Contreras-Vidal et al., 2005).
Consequently, we suggest that the performed bout of iE positively affected short-term
consolidation and retrieval of the newly formed internal model of the motor skill.
Rotational visuomotor adaptation tasks, are known to be dependent on cerebellar
function (Bernard & Seidler, 2013). It is known that acute intense exercise can impact
the excitability of cerebellar circuits and that these cerebellar circuits may contribute
to the exercise-induced increase in LTP-like plasticity in brain regions like premotor
cortex (Mang, Brown, et al., 2016). However, more research is needed to improve our
understanding of the mechanisms underlying the observed exercise-related boost on

memory.
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Although group differences were not confirmed, movement error expressed as the
RMSE produced similar results to the IDE. It must be noted that RMSE includes initial
movement planning and feedback-guided corrections during the path to the target.
The fact that no differences were found among groups for the MT and TD at RT1h may
indicate that quick and efficient correction of the trajectory occurred through the use
of feedback in the control group. Despite participants in the exercise groups
performing better at initial movement planning, feedback-guided corrections in the
control group allowed them to correct the initial trajectory deviations to achieve

comparable RMSE values to those of the exercise groups.

In contrast to the strengthening of the short-term retention (RT1h), exercise failed to
maintain the observed benefits in the retention sets at 24 h (RT24h) and 7 days (RT7d)
after adaptation. The IDE and RMSE values were similar for the three groups, indicating
that exercise did not affect motor planning or feedback utilization at 24 h or 7 days
after adaptation to the skill. Based on previous research (Mang et al., 2014; Roig et al.,
2012; Winter et al., 2007), we hypothesized that exercise would positively impact the
RT24h and RT7d results. Roig et al. (Roig et al., 2012) found that a single bout of high-
intensity exercise enhanced motor memory retention at 24 h and 7 days after
adaptation. In a study by Mang et al. (Mang et al.,, 2014), a similar exercise
intervention enhanced mid-term retention of motor memory (24 h). It seems that,
compared to previous research, we demonstrated the more acute and transient effect
of exercise. Three factors could explain why exercise may not induce persistent effects
on memory formation: differences in the exercise bout characteristics (i.e., intensity

and/or exercise mode), the fitness level of the participants, and the characteristics of
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the learning task (Roig et al.,, 2016). We will now examine each of these factors

separately.

High-intensity exercise may have the potential to facilitate memory consolidation
(Mang et al., 2014; Roig et al., 2012; Skriver et al., 2014). However, as seen in previous
research, exercise bouts of insufficient intensity (low to moderate intensity) may not
be sufficient to improve motor consolidation (Snow et al., 2016; Statton et al., 2015).
When compared with studies that succeeded in finding 24 h and 7 day improvements
in long-term memory, the exercise intensity in the present study (estimated 85%
VO,max) may have been too low; for example, Mang et al. (Mang et al., 2014) used
90% of power output, which was similar to that utilized by Roig et al. (Roig et al.,
2012). In addition to intensity, there is evidence that the mode of exercise may
influence its benefits. Recent reviews propose that cycling produces a greater effect on
cognitive performance (Lambourne & Tomporowski, 2010) and long-term memory
(Roig et al., 2013) than running. Accordingly, the running intervention used in the
present study could have produced inferior results when compared to those from
similar studies that used cycling (Mang et al., 2014; Roig et al., 2012). This hypothesis is
somewhat supported by the results of Statton et al. (Statton et al., 2015), who
successfully enhanced motor adaptation through moderate-intensity aerobic running,
but failed to induce more long-term benefits in motor retention. Hence the exercise
bout used in this study may have been too intense to improve adaptation, but
insufficiently intense to enhance the retention at 24 h and 7 days, with retention

benefits limited to 1 h after adaptation.

99



The fitness level of the participants could also have affected the extent of the exercise-
induced improvements. Exercise has been reported to exert greater effects on long-
term memory when participants have only average fitness levels (Roig et al., 2013).
Our sample seemed to have higher fitness levels which could explain differences
between our results and those from previous studies. When comparing the fitness
level of our exercise group (mean estimated VO,max: 56.06, range: 43.3-63.6
ml/kg/min) to that of Mang et al. (Mang et al., 2014) (mean VO,peak: 45.36, range:
30.4-63.4 ml/kg/min), it is plausible to consider that fitness level promoted mid-term
retention in the study by Mang et al. (Mang et al., 2014), but promoted short-term
retention in our study. However, when compared with the results presented by Roig et
al. (Roig et al., 2012) (mean VO,peak: 53.35, range: 44.1-64.1 ml/kg/min), who
achieved enhanced mid- and long-term retention, the fitness level was similar to that
in the present study. Therefore, it remains unclear how fitness level could moderate
the exercise-induced improvements on motor learning. The fitness level homogeneity
of our sample limited the possibility to further explore the potential modulating effect
of fitness level on the exercise-learning relationship. More research is necessary to
increase our knowledge in terms of the effects of exercise on the mechanisms
associated with learning improvement and the role of moderators (e.g., fitness level) in

this relationship.

In addition to exercise characteristics and fitness level, task characteristics could also
have affected the study results. It is known that the effect of exercise on cognitive
function (Chang et al.,, 2012; Lambourne & Tomporowski, 2010) and long-term
memory formation (Roig et al., 2013) can be modulated by the paradigm of the

cognitive or learning task used. In the present study, improvements in short term
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retention, 1 h from motor adaptation, were specifically observed for a rVMA task
utilizing a 60° clockwise rotation. Previous research using motor procedural tasks have
been successful in finding exercise-induced benefits on mid- and long-term memory at
24 h and 7 days after exposure (Mang et al., 2014; Roig et al., 2012). However, to our
knowledge, this is the first study describing the effect of an exercise intervention on
the learning of a complex procedural motor skill that involved a multi-joint and multi-
plane movement paradigm. The complexity of the rVMA task could have decreased the
effect of exercise, limiting the anticipated mid- and long-term benefits. Moreover, the
previous studies by Mang et al. (Mang et al., 2014) and Roig et al. (Roig et al., 2012)
relied on tasks mainly focused on accuracy. By contrast, participants in our rVMA task
were instructed to “move the cursor over the target as fast and as straight as
possible”, which required not only accuracy but also speed of processing and
execution. Research has differentiated the effects of exercise in speed and accuracy
components of cognitive and simple motor tasks, with speed benefiting most from
exercise (McMorris & Hale, 2012). Depending on the weight of the speed and accuracy
components, and based on the results of previous research (McMorris & Hale, 2012),
we propose that the speed—accuracy relationship could alter the effect of exercise on
memory consolidation. Therefore, the speed requirements in the execution of the
rVMA task may have affected participant’s long-term memory formation. In addition,
despite involving some form of motor adaptation, the use of alternative learning
paradigms (e.g. implicit sequence learning) in previous studies (Mang et al., 2014)
could explain different results compared to the present research possibly because of
the implication of different neural pathways (Krakauer & Mazzoni, 2011), among other

factors.
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Finally, contrary to what previous research has defined (Roig et al., 2012), we observed
no differences in memory consolidation based on whether exercise was presented
before or after the adaptation set. We presume that the initial consolidation stages
may equally benefit from exercise regardless of whether it is presented before or after
adaptation. However, the null effect of exercise on mid- and long-term retention
hinders further speculation on how the order in which exercise is presented may
modulate longer delayed effects. More research is needed to confirm whether the
presentation order of the exercise relative to practice can trigger different

mechanisms, as proposed by Roig et al. (Roig et al., 2012).

Despite finding an enhanced rVMA retention at 1 h as a consequence of the exercise
intervention, our results may be affected by some limitations. It could be though that
exercise effects on motor consolidation could be influenced by relearning because of
the high amount of trials performed during the retention sets. However, IDE presented
a similar trend of findings during the first trials of the RT1lh set, compared to the
overall set performance (see graph B in Figura 4.7). Furthermore it seems that in
comparison to other studies (Mang et al., 2014; Roig et al., 2012), the reduced exercise
intensity and the mode of exercise (i.e., running) might have compromised the
exercise-induced benefits on mid- and long-term retentions. Likewise, it is possible
that the high fitness level of participants in the present study could have altered the
mid- and long-term effects. Therefore, to confirm the mid- and long-term benefits
seen in previous studies, there would be a need to use a higher exercise intensity (90%
of VO,max) and to include a population with regular fitness levels. Furthermore, the
lack of neurochemical assessments limits our ability to comment on the mechanisms

that may trigger the consolidation enhancement induced by exercise. In future
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research, the collection of blood samples to examine changes in neurotransmitters and
trophic factors concentrations may help clarify the mechanisms underlying the

exercise-induced enhancement of memory consolidation.

4.6 Conclusions

In conclusion, a single bout of iE enhanced consolidation of an rVMA task, as expressed
by improved retention at 1 h after task adaptation. Moreover, the order in which the
exercise and the learned task were presented yielded similar benefits in retention at 1
h. However, we cannot reject the possibility of a long-term effect of exercise and task
presentation order, because the exercise characteristics and fitness levels of the
participants may have limited the benefits on mid and long-term retentions. Contrary
to our expectation, exercising before a task practice did not improve the learning rate
of the motor skill, probably because the exercise intensity was too high and there was
a possibility of fatigue. Our results add evidence to the practical uses of exercise in
learning and memory, but indicate that further research is needed to improve our
understanding of how different exercise protocols affect procedural learning tasks.
Moreover, to explore the effect of acute exercise on learning in different populations,

future studies should aim to include participants with different fitness levels and ages.
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4.8 Supporting information
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Figura 4.7. Exercise effects on motor adaptation and motor retention 1h. (A) IDE Performance is presented at the start and at the end of the adaptation (average of first
and last 32 trials, respectively). IDE significantly decreased across all three groups as an effect of time, from start to end of the adaptation set. (B) IDE at the start (average
of first 32 trials) and overall average IDE during the retention set at 1 hour (RT1h) are presented. Similar trends were observed between the RT1h start and the RT1h overall,
which could indicate that exercise effects may begin from the start of RT1h. Additionally, performance level in all groups at the RT1h start was only slightly higher compared
to their performance during adaptation end, meaning that some consolidation occurred during the 1 h rest period. Abbreviations: IDE = initial directional error; RT1h =
Retention set at 1 hour; EX-rVMA = rVMA after exercise group; rVMA-EX = rVMA before exercise group; CON = no-exercise group.
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Capitulo 5: Estudio 2 - Effects of a single bout
of intense endurance exercise on the
adaptation and retention of a perceptual-
motor task in children

Autores: Blai Ferrer-Uris, Albert Busquets, Rosa Angulo-Barroso
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5.1 Abstract

We aimed to assess the effect of an acute intense exercise bout on the adaptation and
consolidation of a visuomotor adaptation task in children. We also sought to assess if
exercise and learning task presentation order could affect task consolidation. Thirty-
three children were randomly assigned to one of three groups: exercise before (1),
exercise after (2) the learning task, and only learning task (3). Baseline performance
was assessed by practicing the learning task in a 0° rotation condition. Afterwards, a
60° rotation adaptation set was applied followed by 3 rotated retention sets after 1h,
24h and 7 days. For exercise groups, exercise was presented before or after motor
adaptation. Results showed no group differences during the motor adaptation while
exercise enhanced motor consolidation. Greater consolidation enhancements were
found in participants who exercised before the learning task. Our data indicates the

importance of exercise to improve motor memory consolidation in children.

Keywords: motor learning; consolidation; motor planning; intense exercise; initial

directional error; root mean square error
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5.2 Introduction

Motor learning is especially important during childhood when many new skills that will
endure through life are learned. Motor learning as a process may be divided into
various stages, where we highlight the acquisition and effective use of sensorial
information (adaptation) and the consolidation of this acquired information into the so
called long-term memory (consolidation), becoming more stable and resistant to
perturbations (Krakauer et al., 2005). Consolidation of motor memory is usually
assessed by the ability to recall the learned skill at one or various time points after
adaptation and following a period of non-practice (retention test). Finding ways to
potentiate these adaptation and consolidation processes may positively affect motor

learning in children. Physical exercise holds some promise in this regard.

Structural and functional brain changes and improvements in cognition have been
observed in children presenting higher fitness level and higher physical exercise
engagement (Chaddock, Erickson, Prakash, Kim, et al., 2010; Chaddock, Erickson,
Prakash, Vanpatter, et al., 2010). These adaptations related to regular exercise practice
are possibly associated with repeated bouts of acute exercise (Griffin et al., 2011;
Hopkins, Davis, Vantieghem, Whalen, & Bucci, 2012). In adults, acute exercise seems to
transiently affect brain function through an increase in the concentration of certain
neurochemicals, such as neurotransmitters (e.g., catecholamines) and neurotrophic
factors (e.g., brain derived neurotrophic factor, BDNF) (McMorris & Hale, 2012;
Taubert et al., 2015). Regarding learning and memory consolidation, BDNF seems to be
of particular interest because its relation to long term potentiation (LTP), which is one

of the main processes of memory formation (Bekinschtein et al., 2008). Adult studies
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have observed BDNF increases in response to an exercise bout which are correlated
with adaptation (Winter et al., 2007) and memory consolidation (Skriver et al., 2014).
Therefore, it seems possible that acute exercise would enhance learning through

promotion of neuroplasticity-related processes (Taubert et al., 2015).

Improvements in children’s cognition have been observed following an acute aerobic
exercise bout (Sibley & Etnier, 2003). Most studies have focused on effects of
moderate exercise intensity on executive function (Tomporowski, MecCullick,
Pendleton, et al., 2015), where improvements have been observed (Chen et al., 2014).
Other cognition areas like memory, which is a key component of learning (Squire &
Kandel, 2000), seems to also be facilitated following an acute moderate exercise
intervention (Pesce et al., 2009). However, the relation between acute exercise and
memory consolidation is still poorly understood in children. In adult population, long-
term memory has been observed to improve when stimulated through acute exercise,
especially when a moderate intensity exercise bout is presented before the adaptation
of information (Roig et al., 2013). Even so, memory consolidation seems to also be
responsive to high intensity exercise bouts (Winter et al., 2007). In fact, it seems that
best enhancements on memory and learning would be obtained with higher exercise
intensities due to better stimulation of the neural mechanisms related to long term

potentiation and thus learning (McMorris, 2016).

Recent advances in the study of the effect of acute exercise on memory have been
made towards specific types of memory, like procedural memory. Various studies have
observed how acute aerobic exercise may have an important role in potentiating

motor adaptation and consolidation in adults (see Taubert et al., 2015 for a review).
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Motor adaptation has been observed to improve when a moderate (Snow et al., 2016;
Statton et al., 2015) or high (Mang et al., 2014) intensity exercise bout was presented
before practice in a motor task. However, motor consolidation improvements were
greatly observed when the presented exercise intensity was high. Motor consolidation
at 1h (Ferrer-Uris, Busquets, Lopez-Alonso, Fernandez-del-Olmo, & Angulo-Barroso,
2017), 24h (Mang et al., 2014; Roig et al., 2012) or even 7 days (Roig et al., 2012) after
adaptation have been observed to be enhanced via an intense exercise bout. But, the
different timing of motor consolidation effects might be task dependent since these
studies used different learning tasks. In addition, Roig et al. (2012) determined that
after 7 days from adaptation, the effects were greater when the exercise bout was
presented immediately after motor adaptation in comparison to when it was
presented immediately before. Therefore, it seems that in adults presenting the
exercise after motor adaptation, as compared to before, may further facilitate motor
learning (Roig et al., 2012). While some evidence exists in adults regarding the
possible enhancing effect of exercise on motor adaptation and consolidation, few
studies have addressed these topics in children. To our knowledge, only one study
observed that intense exercise performed after the adaptation of a new motor task
(motor tracking) can potentially stimulate children motor learning by improving motor
consolidation at long term (7 days) but not at 1h or 24h after the motor adaptation
(Lundbye-Jensen et al., 2017). No previous evidence exists regarding motor adaptation
enhancements via exercise in children. Given that only one study in children has been
performed, further evidence is necessary to examine intense exercise effects on

adaptation or consolidation using a different learning task. Moreover, whether
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exercise should be performed before or after the learned task has not been examined

in children.

In the present study we investigated the effect of a running acute intense exercise (iE)
on the adaptation and retention of a rotational visuomotor adaptation task (rVMA) in
children. Additionally, we investigated the effect of the presentation order of the iE
and the rVMA on the retention of the motor skill. We hypothesized that (1) iE
improves the learning rate of the adaptation of the rVMA, (2) iE improves the rVMA’s
retention process at short (1h), mid (24h) or long (7 days) term, and (3) iE immediately
after the rVMA task has a greater effect on long-term retention than iE conducted

before rVMA.

5.3 Materials and Methods

Thirty-three children participated in the study (21 male and 12 female) (see Tabla 5.1
for participants’ background characteristics). Exclusion criteria were: prior experience
with the rotational visuomotor adaptation task, left-handed, low physical activity
engagement, body mass index (BMI) above obesity threshold, intellectual quotient (1Q)
below 85 assessed through the Test of Nonverbal Intelligence version 2 (TONI-2),
parent-reported history of neurological, psychiatric and/or physical impairment, non-
corrected 20/20 vision, and current intake of medications affecting the nervous system
and/or the ability to learn. Participants were randomly assigned to one of three groups
depending on the presentation order of the learning task (rVMA) and the exercise bout
(iE): (EX-rVMA) who performed the exercise before the learning task, (rVMA-EX) who
engaged in the learning task before exercising and (CON) who rested instead of

exercising after engaging in the rVMA. Participants distribution across groups was
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balanced using age and fitness level, as it has been reported that these factors may
impact the exercise effect on cognitive performance (Labelle et al., 2013) as well as the

development of visuomotor representations (Contreras-Vidal et al., 2005).

Tabla 5.1. Groups characteristics

EX-rVMA rVMA-EX CON
N 10 12 11
Sex (male/female) 7/3 8/4 6/5
Age (Years) 92+1.1 9.1+0.8 8.8+0.7
Height (cm) 135.7 £ 8.7 133.3+7.2 135.5+6.4
Body mass (kg) 329+7.3 31.2+7.8 32.8+8
BMI (kg/m?) 17.7 £2.5 17.3+2.7 17.7 +2.6
TONI-2-1Q 125.7+12.6 122.0+19.2 118.5+16.8
VO,max (ml/kg/min) 50.9+4.2 51.4+3.3 51.2+5.6

Data are presented as mean + SD.BMI = Body mass index; TONI-2-1Q = Test of nonverbal intelligence
version 2 — Intellectual quotient.

Written consent from all participants’ guardians and written assent from participants
were provided prior to initiate the study. The study was approved by the Ethic

Committee of Clinic Researches of the Catalan Sport Administration.

53.1 Procedure

Participants engaged in 4 different sessions (see Figura 5.1). Before enrolling in any of
the study sessions, participants along with their guardians completed a questionnaire
related to exclusion criteria. This questionnaire included the Physical Activity Readiness
Questionnaire (PAR-Q) to review participants’ health status, and the Spanish version of
the Physical Activity Questionnaire for Children (PAQ-C) (validated by Benitez-Porres et
al., 2016) reviewing participants’ physical activity engagement. During the first study
session, participants’ intelligence level was assessed through the Test of Nonverbal
Intelligence version 2 (TONI-2). Basic anthropometric parameters (height and body

mass) were also obtained. Finally, fitness level (estimated VO,max) was assessed
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through the 20 meter shuttle run test (20mSRT) (Léger et al., 1988). To encourage
participants’ performance during the fitness test and the ik, they were asked to collect
cards (one by one) containing cartoon-character pictures that would be used in the
second session of the study to perform a game, so the more cards the better. During
the 20mSRT beat-by-beat values for the RR intervals were registered using a Polar
RS800CX (Polar Electro) at 1000 Hz frequency. A minimum of 48h delay was applied
between sessions 1 and 2. At the start of session 2, participants were familiarized
(familiarization set with the rVMA protocol by performing 20 trials of non-rotated
practice (0°). Afterwards, a non-rotated baseline condition set ( 104 trials) was
performed. After the baseline set, the procedure consisted of different paths for each
group, implying a 60° clockwise rotated adaptation set of the rVMA task ( 312 trials)
and a bout of intense exercise (iE), only for the two experimental groups. While EX-
rVMA group performed first the iE followed by the adaptation set, participants in
rVMA-EX group executed the adaptation set prior to the iE. Similar to rVMA-EX, CON
group participated in the adaptation set right after the baseline set but without doing
any exercise. After one hour from the end of the adaptation set, all participants
performed a 60° clockwise retention set (short term retention, RT1h, 104 trials). At the
end of session 2, all participants enrolled in a memory game performed with the cards
they collected during the 20mSRT and the iE. No additional exercise or musical activity
was permitted during the session. Sessions 3 and 4 occurred 24 h and 7 days from the
end of the adaptation set. In each session, participants performed a 60° clockwise
rotated retention set (mid and long term retentions, RT24h and RT7d respectively, 104

trials each).
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5.3.2 Rotational visuomotor adaptation task

During the rVMA participants were seated in a quiet room, in front of a 19 inch
computer screen located at 1m and at eyes’ height. With their right hand, participants
were asked to grasp a joystick, maintaining a claw type grip, an elbow flexion of 90°
and a comfortable shoulder position while their forearm rested on a flat surface. The
height and position of the joystick were adjusted to meet the position criteria. Joystick
movement controlled a green dot on the screen (1x1cm). Individual targets randomly
appeared on screen as red dots (1x1cm) in eight possible locations (45, 90, 135, 180,
225, 270, 315 and 260°) and at a radius distance of 13 cm from the center. A new
target appeared every 2s and remained visible for 750 ms. Participants were instructed
to move the green dot, starting from the center of the screen, over the target (red dot)
and back to the center as fast and as straight as possible in a single move. Cartesian x-y
coordinates of the joystick movement and time were registered at 120Hz through a NI-

6008 card (National Instruments Corporation).
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Figura 5.1. Study procedure. Schematic overview of the experimental design.TONI-2, Test Of Nonverbal Intelligence version 2; 20mSRT, 20 meter Shuttle Run Test; FAM,
Familiarization set; BA, Baseline set; iE, Intense Exercise; AD, Adaptation set; RT1H, Retention set after 1 hour; RT24H, Retention set after 24 hours; RT7D, Retention set
after 7 days.
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5.3.3 Intense exercise

The intense exercise (iE) bout consisted of a 13 min 20-meter shuttle run. During this
exercise bout two speeds based on a percentage of the estimated VO,max were
combined: a fast paced speed (fast, 85% of VO,max) and a slow paced speed (slow,
60% VO,max). A total of 3 series of 3 min of the fast speed were carried interspersed
with 2 series of 2 min of the slow speed. Prior to the iE start, a warm-up protocol
consisting of 2 min slow and 1 min fast was done with the objective to familiarize
participants with the iE speeds. A 5 minute rest period was guaranteed before starting
the iE. Transition time between iE and rVMA was 4 min. Participants’ hearth rate was

captured following the same procedure described for the 20mSRT.

5.3.4 Data reduction

The rVMA data fitting and reduction was done using custom-made MATLAB R2014b
programs (The MathWorks, Inc.). Cartesian x-y positions were low-pass filtered using
an eight-order dual-pass Butterworth filter with a cut-off frequency of 12Hz. Accepted
trials fulfilled the following conditions: startup position found within 20% of the
center-to-target distance, and travelled distance equal or higher to 90% of the center-
to-target distance. Movement onset of the accepted trials was defined as the nearest
point in an outward movement equal to a 10% of the center-to-target distance.
Movement offset was defined as the first point where speed decreased to a 10% of the

max speed value. Adaptation set was divided in epochs of 8 trials for analysis purposes.

5.3.5 \Variables
The movement during the rVMA task was described by the calculated movement time

(MT,ms), travel distance (TD, cm) and reaction time (RT,ms) variables. RT was defined
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as the time between target appearance and movement onset. Movement output error
was measured through the initial directional error (IDE, deg) and root mean square
error (RMSE, cm) variables. IDE was calculated as the absolute angular difference
between the ideal trajectory, a linear vector from the center to the target, and the
early real trajectory, defined by the linear vector from the center to the green dot
position at the time of 80 ms after movement onset. IDE was used as a measure of the
rotation adaptation avoiding the possible trajectory correction through perceptual
feedback (Contreras-Vidal et al., 2005). RMSE was calculated to represent the
straightness of the movement between the ideal trajectory and the real joystick
trajectory following the procedure described in Contreras-Vidal et al. (2005).
Considering the large inter-subject variability usually presented by children, computed
mean adaptation and retention variables were normalized by subtracting the

participant’s mean baseline values.

During the adaptation set, data presented an initial rapid error decay followed by a
slower decline. As it has been seen in other studies (Krakauer et al., 2005) these data

resulted to be best fitted by a double exponential function:

y=axel™ —cxed™

Where vy is the error, x is the epoch number and a, b, ¢ and d are parameters. The
initial rate of learning (RL) was computed, as described in Coats (2014), as the first
derivative of the first half of the function and evaluated at epoch 1 for both error

variables IDE (RL-IDE) and RMSE (RL-RMSE).
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5.3.6 Data analysis

Normality distribution was assumed for all variables via exploration of histograms, Q-Q
plots and with the Shapiro-Wilk’s normality test. When normality assumption failed,
variable transformation or non-parametric alternative tests were adequately
conducted. Age and estimated VO,max measures were explored through one-way
analysis of variance (ANOVA) to evaluate the group. We also compared the mean
baseline value for each variable (movement time, MT; travel distance, TD; reaction
time, RT; initial deviation error, IDE; and root mean square error, RMSE) with ANOVAs
in order to ensure that the baseline performance was similar across the three groups.
The first study hypothesis, where the effect of the iE bout on the adaptation set of the
rVMA task is explored, was analyzed using a One-way ANOVA. Likewise, we also
compared the rate of learning (RL-IDE and RL-RMSE) among the three groups using the
Kruskal-Wallis H test. To analyze the second and third hypothesis, related to the effect
of exercise and the exercise presentation order on the retentions of the rVMA task,
mean values of each variable (MT, TD, RT, IDE, and RMSE) and retention set were
calculated. Based on our expected results and prior evidence, and to be conservative,
differences among groups for all retentions together were assessed through a two-way
(Group x Set) repeated measures ANOVAs. Greenhouse-Geisser sphericity-corrected
values were reported when appropriate. If a main group effect was found, control
versus each of the exercise groups were compared at each retention set via planned
comparison analyses for the second hypothesis. Similarly, for the third hypothesis, the
exercise groups (before and after the learning task) were compared with planned
comparisons. In all planned comparisons, p values were adjusted by the number of

comparisons.
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The effect size of the different tests was calculated according to Cohen (1988): d for t
Test (0.2 small, 0.5 medium, 0.8 large effect) and n2p for ANOVAs and Kruskal-Wallis H
test (0.01 small, 0.06 medium, 0.14 large effect). Statistical significance was set at

p<0.05 for all ANOVA analyses.

5.4 Results

In order to ensure that groups were correctly balanced, we explored participants’ age
and fitness level (VO,max) (Tabla 5.1) along with their baseline set execution in the
rotational visuomotor adaptation task (rVMA) (Tabla 5.2). The three groups resulted to
be similar in both age [F(2, 30) = 0.632; p = 0.539; nzp = 0.04] and VO,max [F(2, 30) =
0.035; p = 0.966; nzp = 0.002]. Baseline set’s analyses revealed similar values between
groups for the descriptive movement variables: movement time (MT) [F(2, 30) = 0.113;
p = 0.893; nzp = 0.008], travel distance (TD) [F(2, 30) = 2.378; p = 0.110; nzp =0.137],
and reaction time (RT) [F(2, 30) = 2.226; p = 0.126; r]zp = 0.129]. Likewise, the error
variables from the rVMA baseline set were similar for the three groups: initial
directional error (IDE) [F(2, 30) = 0.556; p = 0.573; nzp = 0.036] and root mean squared
error (RMSE) [F(2, 30) = 1.445; p = 0.252; n’p = 0.088]. The lack of significant
differences among groups for the participants’ characteristics and for the baseline set
values suggested that groups were effectively balanced during the randomization and

that they produced comparable movement patterns and performance during baseline.
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Tabla 5.2. Mean raw values of the performance variables on the rotational visuomotor adaptation

task (rVMA) for each group and set.

EX-rVMA rVMA-EX CON
Baseline
MT (ms) 196.15 + 28.64 201.62 +41.07 195.72 £ 26.41
TD (cm) 6.85+0.32 6.97 £0.32 6.67 £ 0.36
RT (ms) 404.15 + 36.97 385.95+42.59 419.14 +32.54
IDE (deg) 12.44 +6.08 12.57+£4.48 10.67 £ 3.26
RMSE (cm) 0.90+0.20 0.92+0.12 0.83+0.06
Adaptation
MT (ms) 199.04 + 26.70 227.16 + 38.87 214.39 + 38.35
TD (cm) 7.00+0.31 7.06£0.28 6.83 +0.27
RT (ms) 408.23 + 46.82 384.48 +37.49 423.11 +45.03
IDE (deg) 28.67 +6.01 30.79+7.32 32.38+7.94
RL-IDE -4.09 + 4.65 -4.44 + 3.26 -6.10+5.74
RMSE (cm) 2.00+0.34 2.05+0.49 2.20+0.58
RL-RMSE -0.49 £ 0.28 -0.38+0.18 -0.58 £ 0.85
Retention 1h
MT (ms) 204.79 +30.48 200.72 +24.77 193.51 +31.14
TD (cm) 7.06 £+ 0.34 7.31+£0.22 7.00+0.31
RT (ms) 418.07 £ 45.40 398.05 +35.11 432.09 +41.01
IDE (deg) 17.43+3.40 20.72 +5.35 24.04 +10.14
RMSE (cm) 1.32+0.18 1.52 £0.35 1.71+0.54
Retention 24h
MT (ms) 211.88 +33.80 193.54 £ 25.72 194.72 +31.35
TD (cm) 7.16 £ 0.35 7.35+0.28 7.27 +£0.45
RT (ms) 414.44 + 48.04 413.60 + 36.18 427.44 + 30.95
IDE (deg) 17.02 £ 4.28 19.85 + 4.86 23.49+7.42
RMSE (cm) 1.33+0.25 1.57 £0.35 1.76 £ 0.45

Retention 7 days

MT (ms) 203.87 £31.36 198.65 £ 31.60 195.37 £33.96
TD (cm) 7.30+0.31 7.44 +£0.39 7.27£0.34

RT (ms) 406.93 £ 51.39 404.47 +32.84 422.40 £ 42.60
IDE (deg) 17.72+4.41 19.67 £ 7.00 21.32+7.90
RMSE (cm) 1.33+0.25 1.57+0.35 1.76 £ 0.45

Data are presented as mean t SD. EX-rVMA, rVMA after exercise group; rVMA-EX, rVMA before exercise
group; CON, no exercise group; MT, movement time; TD, travel distance; RT, reaction time; IDE, initial
directional error; RMSE, root mean squared error; RL, rate of learning.
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To explore the impact of the intense exercise (iE) during the rVMA adaptation set we
conducted ANOVAs or non-parametric alternative tests when required. Movements
executed by the three groups were similar as shown by the movement descriptive
variables. No significant differences were found for MT [F(2, 30) = 1.619; p = 0.215; r]zp
= 0.097], TD [F(2, 30) = 0.308; p = 0.738; n’°p = 0.020], and RT [F(2, 30) = 0.120; p =
0.888; n’p = 0.008]. The statistical analyses of the IDE [F(2, 30) = 1.731; p = 0.194; n’p
= 0.103] and RMSE [F(2, 30) = 1.150; p = 0.330; n’p = 0.071] showed similar
performance among groups (Figura 5.2). Comparisons of the rates of learning were
assessed through Kruskal-Wallis H test. Comparable results were found for both error
variables: RL-IDE (x*(2) = 0.287; p = 0.866; n’p = 0.011) and RL-RMSE (x*(2) = 1.320; p =
0.517; nzp = 0.049). These no significant differences in the adaptation set among
groups indicated that movement execution and especially errors across trials were not

affected by the iE.
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Figura 5.2. Mean rate of learning during adaptation. Mean and standard deviations of the Rate of
learning of the rotational visuomotor adaptation task (rVMA) during the adaptation set. Rate of learning
of both error variables, initial deviation error (IDE) and root mean squared error (RMSE), were
calculated. EX-rVMA, rVMA after exercise group; rVMA-EX, rVMA before exercise group; CON, no
exercise group.

The effect of the exercise on the retention sets (short, RT1; mid, RT24; and long-term,
RT7d) (Tabla 5.2) was evaluated through repeated measures ANOVAs. No group
differences were found for the movement descriptive variables: MT [F(2, 30) = 0.559; p
=0.577; n’p = 0.036), TD [F(2, 30) = 0.522; p = 0.598; n’p = 0.034], and RT [F(2, 30) =
0.717; p = 0.496; nzp = 0.205]. However, a significant group difference was found for

both error variables: IDE [F(2, 30) = 4.485; p = 0.02; r]zp = 0.230] and RMSE [F(2, 30) =
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4.845; p = 0.015; n’p = 0.244]. In both error variables group planned comparisons to
examine exercise versus control effects revealed a significant difference between the
EX-rVMA group and the CON group (IDE: t(19) = 2.967; p = 0.008; d = 1.300, and RMSE:
t(14.875) = 3.216; p = 0.006; d = 1.385) but no differences between rVMA-EX and CON
groups (Figura 5.3). When examining the set planned comparisons, significant lower
IDE values were observed for the EX-rVMA group when compared to CON group during
RT1 (t(19) = 2.646; p = 0.016; d = 1.172) and RT24 (t(19) = 3.189; p = 0.005; d = 1.392).
Similarly, lower RMSE values were observed for EX-rVMA group when compared to
CON during RT24 (t(19) = 3.184; p = 0.005; d = 1.409) and RT7d (t(19) = 2.676; p =
0.015; d = 1.186). No other differences were found when comparing rVMA-EX group

with CON group.

The presentation order effect was examined by a group planned comparison between
the exercise groups. No differences were found when comparing the EX-rVMA and

rVMA-EX groups.
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Figura 5.3. Error performance during short, mid and long retentions. Error values of the rotational
visuomotor adaptation task (rVMA) during the retention sets (short, RT1h, mid, RT24h, and long-term
retention, RT7d), expressed by normalized means and standard deviations. Significant differences
between groups were represented by (*). IDE, initial directional error; RMSE, root mean squared error;
EX-rVMA, rVMA after exercise group; rVMA-EX, rVMA before exercise group; CON, no exercise group.
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5.5 Discussion

The goal of the present study was to assess the effect of an acute bout of intense
exercise (iE) on the adaptation and consolidation of a visuomotor adaptation task
(rVMA) in children. Moreover, we aimed to observe the presentation order effect of

the iE bout and the rVMA task.

Our first hypothesis sought to evaluate the possible positive effect of the high intensity
exercise bout on the adaptation of the rVMA task. This hypothesis was based on
previous research where a high intensity exercise bout improved adaptation of the
temporal components of a motor task in adults (Mang et al., 2014). Results did not
support our hypothesis given that no enhancement due to exercising was observed
neither on the overall error or the Rate of learning (RL) of the IDE and RMSE variables

nor on the movement descriptive parameters (MT, TD and RT).

Similar results in adults were presented by Roig et al. (2012), who found that high
intensity exercise had no effect during the adaptation of a tracking task. These authors
reported that exercise intensity and duration may have generated some fatigue level,
which could have hindered the possible exercise benefits during the adaptation of the
motor task. Another possible explanation of this phenomenon could be the
upregulating effect of exercise intensity on arousal level, which seems to follow an
inverted-U pattern (McMorris & Hale, 2012). According to this pattern, low exercise
intensities may have little to no effect on cognitive performance, moderate intensity
exercise would induce the greatest benefits, and excessive exercise intensity could
have a disruptive or null effect, a phenomenon known as neural noise (McMorris &

Hale, 2012). The cognitive performance improvement after moderate intensity
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exercise may be explained by an exercise-induced raise in the level of arousal and a
consequent elevation on catecholamine secretion (i.e. epinephrine, norepinephrine
and dopamine) (McMorris, 2016; McMorris & Hale, 2012). Reviews of the studies
conducted with children (St-Louis-Deschénes & Ellemberg, 2011; Tomporowski,
McCullick, Pendleton, et al., 2015) have ratified this exercise intensity-arousal level
relation, showing that the best cognitive enhancements are attained when exercise
intensity remains at a moderate level. However, it has been seen that exercise
intensity and catecholamine secretion effects are task dependent (McMorris, 2016).
Higher exercise intensities would produce greater catecholamine secretion that seems
to impair central executive functioning, while benefiting storage of information into
long term memory through long term potentiation, thus enhancing learning (McMorris

& Hale, 2012; Winter et al., 2007).

In adults, exercise intensity has also shown to modulate the exercise effect on the
adaptation of procedural information. Moderate intensity (60% of peak O, uptake or
65-85% of maximum heart rate) exercise bouts ranging between 30 and 35 minutes
duration, have been observed to enhance motor adaptation but not motor
consolidation (Snow et al.,, 2016; Statton et al., 2015). Provided that other studies
observed a null effect of a more intense exercise bout on motor adaptation but an
enhancing effect on motor consolidation (Roig et al., 2012), it seems that moderate
exercise intensity would elicit the greatest benefits when only aiming to facilitate
adaptation of a motor skill. Conversely, higher exercise intensities would favor motor

consolidation instead (Taubert et al., 2015).
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However, the hypothesis regarding adaptation was based on the evidence that even
when exercise intensity is high, exercise prior to motor adaptation can lead to
improvements in some components (e.g. temporal components) of motor adaptation
in adult participants (Mang et al., 2014). In the present study, the lack of differences
among groups limits further speculation on the subject. Other factors besides exercise
intensity could have determined the magnitude of the exercise effect on temporal
parameters during the adaptation set. One of the principal differences between
Mang’s study and ours is the motor task paradigm utilized. It is known that different
task paradigms (e.g., motor sequence learning vs motor adaptation) engage different
brain areas during learning (Doyon et al., 2003), which could have had modulated the
exercise effect. Therefore the utilized rVMA task characteristics may be seen as a

potential moderator of the exercise effect on motor adaptation.

Secondly, based on adult studies where high intensity exercise enhanced motor
consolidation (Mang et al., 2014; Roig et al.,, 2012), we hypothesized that exercise
would enhance motor consolidation (second hypothesis) and that participants who
exercised after the adaptation set would present the greatest improvement (third
hypothesis). When effects of exercise bout on short, mid and long term retentions
(RT1h, RT24h and RT7d) were examined, we found that the proposed high intensity
exercise, especially when performed before the adaptation set, had an enhancing
effect on the consolidation of the motor skill. Compared to the CON group,
participants in the EX-rVMA group exhibited lower IDE values during the short (RT1h)
and mid-term (RT24h) retentions and lower RMSE values during mid (RT24) and long-
term (RT7d) retentions. Improvements in the IDE may reflect an enhancement of the

motor planning, which represents the state of consolidation of the internal model of
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the motor skill (Contreras-Vidal et al., 2005). Gains in RMSE indicate that exercise also
affected the movement straightness. Movement straightness comprehends the initial
deviation from the ideal trajectory (IDE) and the remaining movement trajectory,
which could be corrected using perceptual feedback. Therefore, we consider that
improvements in the RMSE in participants in the EX-rVMA group may reflect that
exercise had an impact not only in the motor planning of the movement, but also in
the utilization of the perceptual feedback. Then, we could interpret that improvements
in the short (RT1h), mid (RT24) and long-term (RT7D) retentions may indicate that the
exercise intervention contributed to enhance the motor planning of the skill and the

usage of the feedback-guided corrections.

Given the improve in consolidation of motor memory observed in participants of the
EX-rVMA group, we think that the high intensity exercise presented prior to the visual
motor task contributed to improve motor learning. Our results agree with previous
research conducted with children, where acute exercise presented before a free-recall
memory task enhanced its recall score and its consolidation (Pesce et al., 2009).
Furthermore, other studies conducted with adult population have found
improvements in both declarative memory (Winter et al., 2007) and motor memory
consolidation (Ferrer-Uris et al.,, 2017; Mang et al., 2014; Roig et al., 2012) when
preceded by an intense bout of exercise. In particular for the motor learning tasks,
exercise presented prior to adaptation seems to improve its short (Ferrer-Uris et al.,
2017), mid (Mang et al., 2014; Roig et al., 2012) and long term retentions (Roig et al.,
2012). These improvement in memory consolidation seem to be associated to an
exercise-induced stimulation of the learning-related neuroplasticity mechanisms which

could be triggered by an elevation of catecholamines (epinephrine, norepinephrine
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and dopamine) and neurotrophins (especially BDNF) (McMorris, 2016; Taubert et al.,
2015). It seems that concentration increases in norepinephrine and BDNF may be
triggered by intense exercise and could have an important role in memory
consolidation processes (e.g. Long term potentiation) (McMorris, 2016). Adult studies
report that a high intensity exercise bout positively contributes to serum
catecholamine (specially norepinephrine) and BDNF elevation, which were related to
improvements in the consolidation of declarative (Segal, Cotman, & Cahill, 2012;
Winter et al., 2007) or procedural memory (Mang et al., 2014; Skriver et al., 2014).
However, difficulties to measure central concentration levels of these neurochemical
compounds limits our knowledge of the concrete mechanisms that promote exercise
effects on neuroplasticity. In addition, there is a lack of research in exercise-related
effects on catecholamine and BDNF concentration in children and their association
with learning. This situation limits our speculation on the mechanisms that may have
helped motor memory consolidation in children in the present study. Therefore, more
research on the concrete mechanisms that induce memory consolidation

improvements via acute exercise will be needed, especially in children.

In contrast to the EX-rVMA group, rVMA-EX group exhibited similar performance in
comparison to CON group. Likewise, when we compared both exercise groups, similar
performances where observed in any of the error variables or retention sets.
Therefore, the performance of the rVMA-EX group seems to be in an intermediate step
between the performances of the CON and the EX-rVMA groups. Consequently, we
could think that exercise may have had some enhancing effect on the consolidation
process of the motor skill in the rVMA-EX group, but that this contribution was not

enough to outperform the CON group. Enhancements in children motor consolidation
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have been previously observed when exercise was presented after the adaptation of a
motor task (Lundbye-Jensen et al., 2017). However, in this study (Lundbye-Jensen et
al., 2017) the effect of exercise presented prior to the adaptation of the motor skill
was not analyzed, which seems to elicit greater improvements in motor consolidation

as observed in the present study.

Based on the findings of Roig et al. (2012) in adults, we hypothesized that both
exercise groups would benefit from exercise, but that exercise presented after
adaptation (rVMA-EX group) would have a greater enhancing effect on the long-term
retention set than exercise presented before adaptation (EX-rVMA). The fact that
exercise presentation order elicited different results in the present study in
comparison to Roig et al. (2012) could indicate that exercise benefits on memory
consolidation could be moderated by age. A possible explanation of these
controversial results might be an existing age-dependent divergence in motor memory
consolidation. In comparison to the relatively slow and selective consolidation process
of adults, motor memory consolidation of pre-adolescent children undergoes a faster
and less selective process (Dorfberger, Adi-Japha, & Karni, 2007). This age-dependent
divergence in motor memory consolidation could partly explain the reduced effect of
exercise on participants in rVMA-EX group in comparison to EX-rVMA group. Elevation
of the arousal level and the consequent increase of catecholamine and BDNF prior to
the adaptation of the motor task would benefit the faster motor consolidation process
of children, especially during early consolidation stages. Thus, it seems that the
presentation order of the motor adaptation and the exercise bout in the participants
of the rVMA-EX group, could have reduced the bio-availability of the plasticity-related

mechanisms triggered by the exercise bout during the early consolidation stages.
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Moreover, availability of plasticity-related neurochemicals during consolidation could
explain differences between Roig et al. (2012) and the present study. While children
would have benefited from an early presence of neurochemicals, adults might have
profited from exercising post adaptation, allowing an increased neurochemical

presence during later consolidation stages.

Another possible explanation for the different consolidation effects caused by the
presentation order of the motor task and the exercise bout could be related to the
possible enhancement of the adaptation process itself. In the present study,
improvements were only observed during the retention sets of the motor task for the
EX-rVMA, which are usually interpreted as consolidation enhancements (Lundbye-
Jensen et al., 2017; Mang et al., 2014; Roig et al., 2012). However, although we could
not observe improvements in performance during the adaptation of the motor skill
when it was preceded by the exercise bout, it would be reasonable to think that gains
during adaptation could be manifested during the retention sets of the motor task.
Previous research has observed improvements in the adaptation and consolidation of
a motor skill in adults when preceded by an intense exercise bout (Mang et al., 2014).
Therefore, it could be feasible to think that adaptation improvements, which could
have been masked by the exercise-induced fatigue, could partially contribute to the
exercise induced improvements in the retention sets in the EX-rVMA group, a fact that

it is not possible for the rVMA-EX group.

However, the effect of exercise and learning task presentation order is still poorly
understood. Despite the findings of Roig et al. (2012) where exercise post adaptation

elicited the greatest long-term benefits, there are few studies which have evaluated
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this presentation order effect. Some of these studies even present contradictory
results, where best enhancements were attained when exercise was presented before
a declarative learning task rather than after (Labban & Etnier, 2011; Salas, Minakata, &
Kelemen, 2011). Furthermore a recent review observed how greater effects were
obtained when acute exercise was presented before adaptation of declarative or
procedural information (Roig et al., 2013). However, the lack of delayed retention
tests in most of the studies included in the review limits our understanding of exercise
timing as an exercise effect moderator. Therefore, further research utilizing different
exercise types or learning tasks is needed to better define the moderator effect of
exercise timing, especially in children where this is, to our knowledge, the first study

addressing this issue.

Despite presenting new evidence regarding motor learning enhancement via exercise
in children, there are several limitations to the interpretation of the present results
that may drive future research. A relatively small sample size was utilized in this study,
which limits statistical power. Greater effects would be expected in case of bigger
sample sizes, especially when exercise is presented after the learning task.
Furthermore, generalization of the results could not be extrapolated to pediatric obese
population given that obese children were excluded. Moreover, this study was based
on the analysis of behavioral outcomes, which limits further insight in other learning-
related mechanisms triggered by the exercise bout. Because our knowledge regarding
the mechanisms involved in the exercise-induced stimulation on cognitive function and

learning in children is scarce, future research should also address this topic.
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5.6 Conclusions

In summary, the bout of exercise presented in this study facilitated motor memory
consolidation maximizing its effects when exercise was presented before motor
adaptation. Therefore, we would like to suggest that stimulation of motor memory
consolidation through acute exercise may be positively applied to strengthen
children’s motor learning. Despite positive effects on consolidation, exercise could not
enhance motor adaptation. It seems possible that a combination of high arousal levels,
fatigue and/or the learning task characteristics could have impaired or masked the
exercise benefits on motor adaptation. Further research will be needed to investigate
the concrete effects of different exercise protocols (different intensity or exercise
duration) on children’s motor learning. Moreover, studies examining the underlying

mechanisms of the exercise facilitation on children’s motor learning will be necessary.
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6.1 Abstract

Adult’s and children’s motor learning has been observed to improve through acute
intense exercise. In adult, evidence suggests that exercise characteristics, like exercise
intensity or duration, play a major role modulating the exercise effect on motor
memory consolidation. However, little is known about the effect of short exercise
bouts on motor memory consolidation, especially in children. In this study, we aimed
to assess the effect of a long (13 min) and short (5 min) intense exercise bout on the
adaptation and consolidation of a rotational visuomotor adaptation task. Seventy-one
active and healthy children from two different Sites participated in the study and were
divided in three groups: long exercise bout before the learning task (LONG), short
exercise bout before the learning task (SHORT), and learning the task only (CON).
Before applying any rotation to the motor task (0° rotation), children’s baseline was
assessed. Afterwards, children performed the rotated (clockwise 60° rotation) motor
task in four different occasions: an adaptation set and three delayed retention sets (1
h, 24 h and 7 days from the adaptation set). Results showed no group differences in
motor adaptation. However, both exercise groups (LONG and SHORT) improved their
motor consolidation compared to CON group (F, 6s) = 7.102; p = 0.002; n’p = 0.175).
While the SHORT group improved execution only in the retention 24 h after motor
adaptation, the LONG group also improved performance in the retentions sets at 1 h
and 7 days from adaptation. These results indicated that a short bout of exercise is
sufficient to improve motor memory consolidation, although longer exercise bouts
seemed to exert more sustained effects. Short exercise bouts may be suitable to
improve children’s motor consolidation in environments where time constraints exists

and where new motor skills have to be learned, like in school or sport practice.
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6.2 Introduction

During our childhood we learn many motor skills that are recalled throughout our life
time. The recall/retention of a motor skill depends on its consolidation into the so
called long-term memory, which requires some adaptation and efficient use of the
perceived sensorial information. Recent research has shown that exercise has the
potential to protect motor memory formation from external interferences during
consolidation (Rhee et al., 2015) and that both processes, motor adaptation and motor
consolidation, can be enhanced by a single bout of exercise in adults (reviewed in: Roig
et al., 2016; Taubert, Villringer, & Lehmann, 2015). Therefore, it seems that exercise
could be used to enhance motor learning in children, with some possible positive

applications in school, recreation, or sport settings.

In adults, motor adaptation and consolidation have been observed to be enhanced
when presenting an exercise bout in close temporal relation to the practice of the to
be learned motor task (Taubert et al., 2015). It seems that moderate intensity exercise
presented before the practice of the task facilitates motor adaptation by improving the
movement accuracy (Snow et al., 2016; Statton et al., 2015). On the other hand, an
increasingly amount of studies have found improvements in motor consolidation
when an intense exercise bout has been presented before or after the adaptation of
the motor task (Mang, Snow, Campbell, Ross, & Boyd, 2014; Mang, Snow, Wadden,
Campbell, & Boyd, 2016; Roig, Skriver, Lundbye-Jensen, Kiens, & Nielsen, 2012; R.
Thomas et al., 2016). In the study 1 of this thesis, we observed that exercise improved
motor memory consolidation whether it was presented before or after the adaptation

of a rotational visuomotor adaptation task (rVMA). These exercise-induced increases in
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motor consolidation in adults have been observed to correlate with elevations in
corticospinal excitability (Ostadan et al., 2016) and increases in catecholamines and
neurotrophins (Mang et al., 2014; Skriver et al., 2014); all biomarkers that have been
associated with memory consolidation processes like long-term potentiation
(Bekinschtein et al., 2008; Ziemann et al., 2004). Thus, it seems that exercise could
improve memory consolidation through the stimulation of plasticity related

mechanisms.

Studies observing exercise-induced benefits on motor learning in adults add evidence
to the already known benefits of exercise on cognitive function and declarative
memory (Roig et al., 2013; Tomporowski, 2003). Like in the adult population, there is
also evidence that relates fitness level and exercise practice with better cognitive
performance and academic performance in children (Castelli et al., 2007; Khan &
Hillman, 2014; Pesce & Ben-Soussan, 2016). Furthermore, it seems that exercise would
also facilitate memory formation and learning in children (Etnier, Labban, Piepmeier,
Davis, & Henning, 2014; Pesce et al., 2009). These exercise-induced benefits have also
been associated with neural correlates, like increases in the volume of certain brain
structures (Chaddock, Erickson, Prakash, Kim, et al., 2010; Chaddock, Erickson,
Prakash, Vanpatter, et al., 2010; Chen, Zhu, Yan, & Yin, 2016). However, despite the
considerable volume of research regarding the exercise effects on children’s cognitive
function and adult’s motor learning, little is known about the effects of exercise on

children’s motor learning.

To our knowledge, the only evidences of the effects of exercise on children motor

consolidation comes from the study 2 of the present thesis and a recent publication by
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Lundbye-jensen, Skriver, Nielsen, & Roig (2017). In the study 2 of the thesis, we
analyzed how a bout of intense exercise presented immediately after or before the
practice on the rVMA affected motor adaptation and motor consolidation. We
observed that exercise enhanced motor consolidation especially when it was
presented immediately before the motor adaptation. Similarly, Lundbye-jensen,
Skriver, Nielsen, & Roig (2017) found that intense exercise enhanced motor
consolidation when it was presented after the adaptation of a motor task, no matter
the type of exercise (only running or playing a collective game). Although exercise
enhanced motor consolidation in the study 2 of this thesis, adaptation seemed to
remain unaffected by the exercise bout. As proposed in previous adult research (Roig
et al., 2012; Thomas, Johnsen, et al., 2016), we suggest that exercise characteristics
(e.g. exercise timing, intensity, and duration) play an important role in the modulation

of the exercise-induced benefits on motor adaptation and consolidation.

Exercise intensity seems to be an important modulator in the exercise-motor learning
relation for adults. Evidence suggests that while moderate exercise would mainly
improve motor adaptation (Snow et al., 2016; Statton et al., 2015), intense exercise
would grant better improvements in motor consolidation (Mang et al., 2014; Roig et
al., 2012; Thomas, Johnsen, et al., 2016).While intensity-related modulation of exercise
benefits on motor learning has accumulated sufficient evidence, there is limited
knowledge regarding the modulator effect of exercise duration. To date, most studies
examining the effect of moderate exercise on motor learning have used diverse
protocols with durations of 30 minutes (Snow et al., 2016; Statton et al., 2015). In
contrast, the majority of the studies analyzing the effect of intense exercise on motor

learning have used exercise protocols of similar duration (around 13 min of intense
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interval exercise). To our knowledge, no study has compared the effect of different
exercise duration protocols of equal intensity. Furthermore, the effect of a shorter
exercise intervention, yet of equal intensity, on the learning of a motor skill is not

known, much less in a pediatric population.

Unlike the literature void for short exercise bout and motor learning, there are some
examples of previous research that has studied the effect of short exercise bouts on
human cognition. In adults, two sprints of 3 min separated by 2 min rest enhanced the
rate of acquisition of a novel vocabulary task and its retention when related to
increases in neurochemical concentrations post-exercise (Winter et al., 2007). In
children, Etnier et al. (2014) observed improvements in a novel vocabulary task and it’s
recall after performing the 20-meter shuttle run test (Léger et al., 1988). Moreover,
some school-based exercise strategies of 10 min or less have been proposed in order
to improve children’s on-task attention, which resulted in positive outcomes (Ma, Le
Mare, & Gurd, 2014; Mahar et al.,, 2006). Therefore, it seems that exercise
interventions of short duration could also show some promising results enhancing
motor learning, although their possible impact may not be as high as with longer
exercise bouts of equal intensity. Evidence of positive effects of short exercise bouts
on motor learning, would open new possibilities for the applicability of these kinds of
interventions in school, recreational, and sport settings, where the optimization of

children motor learning is of high relevance.

In the present study, we investigated the effect of two different intense exercise (iE)
interventions (a short bout of only 5 min, and a long bout of 13 min) on the adaptation

and retention of the rotational visuomotor adaptation task (rVMA). We hypothesized
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that (1) iE would not enhance the adaptation of the rVMA, (2) the long iE would
enhance consolidation of the rVMA, and (3) the short iE would also improve
consolidation of the rVMA although presenting a smaller effect compared to the long

iE.

6.3 Materials and Methods

Seventy-one children were recruited from two different schools located in Barcelona,
Spain (Site 1) and Los Angeles, USA (Site 2) (40 male and 31 female) (see Tabla 6.1 for
participants’ background characteristics). Participants were excluded from the study
whether one or more of the following conditions were present: prior experience with
the (rVMA), left-handed, low physical activity engagement, Body Mass Index (BMI)
above obesity level, intelligence level below average, parent-reported history of
neurological, psychiatric and/or physical impairment, non-corrected 20/20 vision, and
current intake of medications affecting the nervous system and/or the ability to learn.
Participants were randomly assigned to one of three experimental groups: (LONG)
participants exercised for 13 min before practicing the learning task, (SHORT)
participants exercised for 5 min before practicing the learning task and (CON) who
rested before engaging in the learning task. Data collection conducted in Los Angeles
distributed participants into the three groups (LONG, SHORT or CON) while the data
collection carried out in Barcelona only allocated participants in the LONG or CON
groups. Participants’ aleatory distribution was separately checked at each Site using
age and fitness level as stratification factors because it has been reported that these
two factors may impact the exercise effect on cognitive performance (Labelle et al.,

2013) as well as the development of visuomotor representations (Contreras-Vidal et
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al., 2005). Identical materials and data collection and reduction procedures were used

in both Sites.
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Tabla 6.1. Groups characteristics

N

Sex (male/female)

Age (years)
Height (cm)

Body mass (kg)

BMI (kg/m?)

Estimated VO,max (ml/kg/min)

LONG SHORT CON

Site 1 Site 2 Site 1+2 Site 2 Site 1 Site 2 Site 1+2
10 17 27 19 11 14 25
7/3 8/9 15/12 11/8 6/5 9/5 15/10
9.16+1.1 9.28 £ 0.7 9.24+0.9 9.19+£0.9 8.78 £ 0.7 9.10+£0.6 8.96+0.7
135.66+£8.7 138.06 +7.2 137.17%7.7 135.97+7.6 13545+6.4 132.51+5.1 133.80%5.8
3290+£7.3 32.61+6.8 32.71+£6.9 34.85+8.5 32.82+8.0 29.78 £ 0.7 31.11+7.4
17.72+£2.5 17.04+£3.0 17.29+2.8 18.65+3.2 17.67+£2.6 16.90+ 3.5 17.24+3.1
5090+4.2 46.16%£2.0 47.91+3.7 44,80+ 2.9 51.19%+5.6 45.36 £ 2.9 4793 5.1

Abbreviations: LONG = Long exercise bout group; SHORT = short exercise group; CON = no exercise group; BMI = Body mass index
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Consent from all participants’ guardians and assent from participants were provided
prior to initiate the study. The study was approved by the Ethic Committee of Clinic
Researches of the Catalan Sport Administration and the Committee for the Protection

of Human Subjects of the California State University, Northridge.

6.3.1 Procedure

A total of four sessions were accomplished by each participant (see Figura 6.1 for a
schematic overview). Prior to the start of the first study session, children, with the help
of their guardians, assessed their physical activity engagement level using the English
or Spanish version of the Physical Activity Questionnaire for Children (PAQ-C) (Benitez-
Porres et al., 2016; Kowalski, Crocker, & Faulkner, 1997). In addition, guardians were
asked to answer the Physical Activity Readiness Questionnaire for their children to

prevent participation in the study when a contraindication to exercise existed.
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Session 1
Basic anthropometry, TONI-2, 20mSRT

Session 2
rVMA baseline

SHORT CON
Long iE Short iE Rest
rVMA adaptation

rVMA retention 1h
Memory game

Session 3
rVMA retention 24h

Session 4
rVMA retention 7 days

Figura 6.1. Study procedure. Schematic overview of the procedure of the four study sessions.
Abbreviations: TONI-2, Test of Nonverbal intelligence; 20mSRT, 20 meter shuttle run test; rVMA,
rotational visuomotor adaptation task; LONG, long exercise bout before the rVMA task; SHORT, short
exercise bout before the rVMA task; CON, no exercise before the rVYMA task; iE, intense exercise.

In the first session, basic anthropometric characteristics (height and weight),
intelligence level and fitness level (estimated VO,max) of the children were assessed.
Intelligence level was assessed using the latest version of the Test of Nonverbal
Intelligence (TONI) available (version 4 for the American sample and version 2 for the
Spanish sample). Fitness level was evaluated using the 20-meter shuttle run test
(20mSRT) (Léger et al., 1988). Beat-by-beat values for the RR intervals were collected
with a Polar RS800CX (Polar Electro) at 1000 Hz frequency. To encourage participants’

exertion during the test, they were asked to transport a collection of pictured cards,
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one by one, from one side of the field to the other. In addition, to help maintain the
test running pace and to provide encouragement, a young fit adult accompanied the
children running beside them. Participants were aware that these cards would be used
in a memory game (only as incentive for the participants) at the end of session 2 and
that the more cards they could collect during the 20mSRT the better they could
perform the game. After at least 48h from the first study session, participants started
the second session by being familiarized with the rVMA task. During this
familiarization, 20 trials of non-rotated practice (02) were performed by participants
after being informed of the goals and rules of the task. After familiarization, a baseline
set (BA) of 104 trials was conducted to assess the initial performance in the rVMA task.
When the BA finished, participants in both exercise groups engaged in an exercise
bout. To ensure equal times among groups between the BA and the next practice set
in the rVMA task, the SHORT group rested for 8 min before starting their exercise bout.
The transition time between the exercise and the next rVMA set was 4 minutes for
both exercise groups. Participants in the CON group had a rest period of 25 min while
other participants exercised, where they were allowed to read or hold a conversation.
Immediately after the end of the exercise bout or the rest period, participants
practiced in the adaptation set (AD) of the motor skill which was composed by a total
of 312 trials rotated 602 clockwise. After 1 hour rest, all participants practiced again in
the rVMA task in the first retention set (RT1h) for 104 609 clockwise rotated trials. At
the end of session 2, all participants played the memory game with the cards they
collected during the 20mSRT and the iE (see details below in the ‘Intense exercise’
section). To ensure that the CON participants could equally play the game, they were

provided with double the cards they had collected during the 20mSRT. Participants
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were not allowed to participate in any exercise or musical activity during the rest
periods. During the third and fourth sessions, participants practiced again in the rVMA
task in a 602 clockwise rotated retention set 24 h and 7 days (RT24h and RT7d, 104

trials each) after the AD set.

6.3.2 Rotational visuomotor adaptation task

The rotational visuomotor adaptation (rVMA) task was conducted in a quiet room,
where participants were seated 1 meter away from a 19 inch screen, elevated at
participants’ eyes height. Participants were asked to rest their right forearm over a
height adjustable flat surface so a 902 elbow flexion and a comfortable shoulder
position were maintained. They also were asked to grasp a joystick using a claw type
grip and to maintain this grip during all trials of each set. A green dot (1 x 1 cm) was
controlled across the screen using the joystick. The Cartesian coordinates of the
movement of the cursor were registered at 120Hz using an A/D NI-6008 card (National
Instruments Corporation). Every 2 seconds a new target appeared on the screen
represented by a red dot (1 x 1 cm) which was only visible during 750 ms. Target dots
randomly appeared at a radius distance of 13 cm from the screen center in one of
eight possible positions (45, 90, 135, 180, 225, 270, 315 and 3609). Starting from the
screen center position, participants were instructed to run the cursor over the red dot
doing one single move “as fast and as straight as possible” and then to move back to

the screen center.

6.3.3 Intense exercise
Two different protocols for the intense exercise (iE) bout were programed, a long iE

and a short iE. The iE procedure was similar to the one used in the 20mSRT but with

146



fixed running intensities and volumes. During both exercise bouts two speeds based on
a percentage of the estimated VO,max were combined: a fast paced speed (fast, 85%
of VO,max) and a slow paced speed (slow, 60% VO,max). The long iE had a total
duration of 13 min, where 3 series of 3 min of fast speed and 2 series of 2 min of slow
speed were interspersed (fast-slow-fast-slow-fast). The short iE had a total duration of
5 min, where 2 series of 2 min of fast speed were separated by 1 min of slow speed
(fast-slow-fast). To encourage participants’ effort, an adult also accompanied them
during the exercise and they continued collecting memory game cards during the iE
execution as they did in the 20mSRT. Before starting the iE, both groups completed a
warm-up protocol were they were familiarized with the test procedure and the two
exercise intensities. During this warm-up, participants run for 2 min at slow speed and
1 min at fast speed. Between the warm-up and the iE start a 5 min rest was granted.
Participants’ hearth rate was captured following the same procedure described for the

20mSRT.

6.3.4 Datareduction

Custom MATLAB R2014b programs (The MathWorks, Inc.) were used to reduce the
Cartesian positions of the joystick movement. Data were low-pass filtered using an
eight-order dual-pass Butterworth filter with a cut-off frequency of 12Hz. Accepted
trials fulfilled the following conditions: startup position found within a 20% of the
target radius (distance from center to target), and total travelled distance from the
screen center to the end of the movement equal to or higher than 90% of the target
radius. For the accepted trials, the nearest point to an outward movement equal to a

10% of the target radius distance was defined as the movement onset. Movement
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offset was defined as the point where the speed of the movement decreased to a 10%

of its maximum value. The AD set was divided in epochs of 8 trials for further analyses.

6.3.5 Variables

Movement descriptive characteristics were represented by calculation of the
movement time (MT, ms), the travel distance (TD, cm), and the reaction time (RT, ms).
MT and TD were defined as the time and the displacement between the movement
onset and offset. RT was defined as the time window from the target appearance to
the movement onset. Two variables representative of the output error were
computed: the initial deviation error (IDE, deg) and the root mean squared error
(RMSE, cm). IDE was calculated as the angular difference between two linear vectors,
representing the ideal movement trajectory and the real initial trajectory. The ideal
trajectory of the movement was defined as the linear vector from the center of the
test screen to the target. The real initial trajectory was defined as the linear vector
from the center of the test screen to the cursor position 80 ms after the movement
onset. IDE stands for the output error before visual feedback was available to correct
the cursor trajectory. Therefore, IDE was thought to be related with the motor
planning of the motor skill and consequently the state of the internal model of the skill
(Contreras-Vidal et al., 2005). RMSE was calculated to represent the straightness of the
entire movement trajectory, comprising the possibility of performing perceptual
feedback guided online corrections. RMSE was calculated comparing the real
performed trajectory with the ideal trajectory of the movement from movement onset

to movement offset. RMSE was calculated using the following equation:
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where (x1, y1) and (x;, y2) are the coordinate points of the real trajectory and the ideal

trajectory, respectively, and N is the number of points in the path.

Considering the large inter-subject variability usually presented by children, computed
adaptation and retention variables were normalized by the participant’s baseline mean

values.

As seen in other studies (Krakauer et al., 2005) error variables during AD set followed a

decay flow that resulted to be best fitted by a double exponential function:
y=axel™ —cxed™

where y is the error, x is the epoch number and a, b, c and d are parameters.
Therefore, the error decay presented an initial rapid reduction followed by a slower
decay of the error. The initial rate of learning (RL) is a measure of the initial rapid error
reduction. Individual RL for both error variables IDE (RL_IDE) and RMSE (RL_RMSE)
were computed as the first derivative of the first half of the function and evaluated at

epoch 1, similarly as described in Coats (2014).

6.3.6 Data analysis

Normality distribution was assumed for all variables via exploration with the Shapiro-
Wilk’s normality test. When normality assumption failed, variable transformation or
non-parametric alternative tests were adequately conducted. Age and estimated

VO,max measures were explored through one-way analysis of variance (ANOVA) to
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evaluate group similarities. We also compared the mean BA value for each variable
(MT, TD, RT, IDE, and RMSE) with ANOVAs in order to ensure that the baseline
performance was similar across the three groups. The possible effect of including
participants from two different Sites was explored through a Student’s t Test or the
Mann-Whitney U Test for non-normal data, including the analysis of the age and
estimated VO,max, and the rVMA BA variables. In addition, to control for any possible
Site effects on the AD or RT sets we added Site as a covariable in the following
analyses. For the first study hypothesis, where the effect of the iE bout on the AD of
the rVMA task was examined, mean values of every variable calculated for the AD set
(MT, TD, RT, IDE, RMSE, RL_IDE, and RL_RMSE) were compared using one-way
ANCOVA. To analyze the second and third hypothesis, related to the effect of exercise
on motor retention and the modulation effect of the exercise length on the retentions
of the rVMA task, mean values of each variable (MT, TD, RT, IDE, and RMSE) were
calculated. Differences among groups for the retention sets were assessed through
two-way (Group x Set) repeated measures ANCOVAs. Greenhouse-Geisser sphericity-
corrected values were reported when appropriate. Bonferroni post hoc analyses were
performed when significant differences were found. Based on the hypothesis and prior
results, planned comparison analyses were employed in the event of non-significant
effect to assess critical comparisons of interest. The effect size of the different tests
was calculated according to Cohen (1988): d for t Test (0.2 small, 0.5 medium, 0.8 large
effect), r for Mann-Whitney U Test (0.1 small, 0.3 medium, 0.5 large effect) and n2p for
ANOVAs and ANCOVAs (0.01 small, 0.06 medium, 0.14 large effect). Statistical

significance was set at p<0.05 for all comparisons.
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6.4 Results

Participant characteristics (Age and estimated VO,max) where checked via ANOVAs in
order to observe differences among groups caused by the participant’s distribution. No
Age differences were observed among groups (F, 63y = 0.802; p = 0.453; n’p = 0.023)
but a group effect was found when VO,max values were analyzed (F,, 63) = 4.061; p =
0.022; nzp = 0.107). Participants in SHORT group presented lower VO,max values in
comparison to LONG (p = 0.039, d = 0.936) and CON (p = 0.043, d = 0.754) groups. In
addition to the participant characteristics, we also checked the groups’ distribution
analyzing the baseline performance of the rVMA task using ANOVAs (see Tabla 6.2 for
means and SD). While similar values were exhibited for the TD (F(, ¢s) = 0.884; p =
0.418; n’p = 0.025) and RT (F2, 6s) = 0.859; p = 0.428; n’p = 0.025) variables, MT
presented a group effect (F(2, 6s) = 3.590; p = 0.033; n’p = 0.095). Differences between
groups did not reach statistical significance in the post-hoc analysis, although
participants in the SHORT group showed the lowest mean value for this variable. When
analyzing the error variables during the baseline set, IDE showed to be similar across
the three groups (F(2, 6s) = 0.642; p = 0.530; n’p = 0.019). However, RMSE presented a
group effect (F, 6s) = 3.450; p = 0.037; n’p = 0.092), where the SHORT group exhibited
higher RMSE values in comparison to CON group (p = 0.045, d = 0.651). Because the
SHORT group was composed by participants only from Site 2 of the study, group
differences in VO,max and rVMA at baseline (MT and RMSE) could be confounded by a

Site effect.

The analysis of the possible Site effect on the participants characteristics showed that

participants from Site 1 (BCN) presented higher VO2max (t(s9) = 5.026; p = 0.000; d =
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1.442), compared to the participants in Site 2 (LA). No age differences were found
between Sites (U = 441; p = 0.289; r = 0.126). When the Site effect was explored for the
rVMA BA variables, we found significant statistical differences between Sites for the
MT (t(ee) = 9.095; p = 0.000; d = 2.164), TD (t(g9) = 6.496; p = 0.000; d = 1.786), RT (t(s9) =
2.979; p = 0.000; d = 0.805), and RMSE (U = 111; p = 0.000; r = 0.619) variables,
indicating that participants from Site 1 executed the task with longer MT, and shorter
TD and RT. Moreover, Site 1 participants presented lower RMSE values, which could
possibly be related to the observed lower TD. Despite that the instructions to
participants were the same in both Sites, the differences found could possibly be
produced by a different movement approach by the participants, probably influenced
by different semantical meaning of the instructions. When the expression “as fast as
possible” is used, one can interpret being as fast as possible to start the movement or
to execute the entire movement. Apparently, Site 1 prioritized movement initiation
while Site 2 focused on the movement as a whole. However, IDE which does not
directly depend on the movement approach but on the planning of the movement,

showed no differences between Sites (t(gg) = -0.342; p = 0.733; d = 0.160).
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Tabla 6.2. Mean and SD performance values on the rotational visuomotor adaptation task (rVMA) for each group, site and set

LONG SHORT CON

Site 1 Site 2 Site1+2 Site 2 Site 1 Site 2 Site1+2
Baseline
MT (ms) 196.15+28.64 150.36 +23.47 167.32 +33.62 145.72 +14.71 195.72 +26.41 143.61+13.70 166.53 +33.00
TD (cm) 6.85+0.32 7.57 £0.45 7.30+0.53 7.35+0.46 6.67 £0.36 7.53+0.46 7.15+0.59
RT (ms) 404.15+36.97 439.85+37.90 426.63 +40.81 433.24 + 46.66 419.14 +32.54 459,93 +37.16 441.98 +40.20
IDE (deg) 12.44 + 6.08 10.40+2.36 11.15+4.15 11.76 £ 6.23 10.67 £ 3.26 9.96 £2.10 10.27 £ 2.63
RMSE (cm) 0.90+£0.20 1.06+0.16 1.00+0.19 1.15+0.35 0.83+0.06 1.09+0.16 0.97+£0.18
Adaptation
MT (ms) 199.04 £ 26.7 14596 £ 20.36  165.62 + 34.41 146.00 £ 18.38 214.39+38.35 151.75+17.52 179.31+42.26
TD (cm) 7.00+£0.31 7.75+0.38 7.74 £0.51 7.52+0.45 6.83 +£0.27 7.79+0.18 7.37£0.53
RT (ms) 408.23 +46.82 455.30+38.84 437.87 +47.16 451.73 £+ 47.45 423.11+45.03 456.94+£32.60 442.06+41.41
IDE (deg) 28.67 £ 6.01 30.44+8.74 29.78 +7.77 30.08 + 7.62 32.38+7.94 32.81+10.18 32.62 +9.08
RL_IDE -4.09 + 4.65 -5.16 +3.29 -4.77 £3.77 -6.11+6.29 -6.10+5.74 -4.29+2.19 -5.10+4.12
RMSE (cm) 2.00+£0.34 2.72£0.68 2.45 +0.67 2.59+0.49 2.20+0.58 2.87+0.81 2.58 £0.78
RL_RMSE -0.49£0.28 -0.06 £ 0.05 -0.07 £ 0.05 -0.06 £ 0.03 -0.58 £ 0.85 -0.09 £ 0.07 -0.09+0.10
Retention 1h
MT (ms) 204.79 +£30.48 142.57+16.32 165.61+37.72 133.75+13.61 193.51+31.14 140.47+19.54 163.81 +36.51
TD (cm) 7.06+0.34 7.91+0.32 7.60+£0.53 7.91+0.42 7.00+0.31 7.90+0.29 7.50+£0.54
RT (ms) 418.07 £45.40 448.73+43.72 437.38+46.01 443,98 + 53.11 432.09+41.01 451.63+35.82 443.03 + 38.65
IDE (deg) 17.43+3.40 18.73+6.14 18.25 £ 5.26 20.16 £ 7.01 24.04 +£10.14 22.35+7.00 23.09 + 8.37
RMSE (cm) 1.32+0.18 1.85+0.48 1.65+0.47 1.97 £0.53 1.71+0.54 2.07 £0.55 1.91 +0.56
Retention 24h
MT (ms) 211.88+33.80 143.97+17.56 169.12+41.25 137.37 £ 16.46 194.72 +31.35 143.77+22.78 166.19 + 36.84
TD (cm) 7.16 £0.35 7.82+£0.27 7.58+£0.44 7.89 £ 0.37 7.27 £0.45 7.75+0.29 7.54+£0.44
RT (ms) 414.44 +48.04 459.42 +43.60 442.76 +49.58 444,00 £51.22 427.44 +30.95 450.71+41.64 440.47 +38.44
IDE (deg) 17.02+4.28 18.94 + 5.40 18.23 £ 5.02 18.76 £ 5.71 23.49+7.42 20.85+4.28 22.01+5.89
RMSE (cm) 1.33+0.25 1.82+0.38 1.64 +0.41 1.86+0.44 1.76 £ 0.45 1.97 £0.37 1.88+0.41

Retention 7 days

MT (ms) 203.87+31.36 144.63+20.02 166.57 +37.91 133.67 £16.12 195.37+33.96 137.12+11.90 162.75+37.79
TD (cm) 7.30+0.31 7.81+0.39 7.62+0.44 7.79£0.32 7.27+0.34 7.77 £0.35 7.55+0.42

RT (ms) 406.93 £+51.39 445.37+44.39 431.14 +49.85 431.25 +46.36 422.40+42.6 443.42 +30.53 434.17 +37.07
IDE (deg) 17.72+4.41 17.20+5.59 17.39+5.10 19.17 +£5.07 21.32+7.90 20.97 +£6.20 21.12 +6.84
RMSE (cm) 1.30+0.20 1.66 +0.37 1.53+0.36 1.83+0.39 1.57+0.38 1.95+0.43 1.78 +0.45

Abbreviations: LONG = Long exercise bout group; SHORT = short exercise group; CON = no exercise group; MT = movement time; TD = travel distance; RT = reaction time;
IDE = initial directional error; RMSE = root mean squared error; RL = rate of learning.
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The observed differences in MT and RMSE among groups and the observed Site effect
on the estimated measure of VO2max and the BA parameters, add strength to the
need to normalize rVMA variables by the baseline mean values of each variable in the
following sets (AD, RT1lh, RT24h, and RT7d). Moreover, the observed Site effect

requires the use of Site as covariable in the AD and RT analyses.

To examine the possible exercise effect on the adaptation of the rVMA task, we
explored the effect of the SHORT, LONG or CON interventions on the average
performance of the adaptation set as well as the initial rate of learning (RL) of the
calculated error variables (IDE and RMSE). The ANCOVA revealed that there were no

differences among groups in relation to

the descriptive variables of the movement: MT (F(2, 63) = 2.741; p = 0.072; nzp = 0.076),
TD (Fp2, 6) = 0.302; p = 0.740; n’p = 0.009), and RT (Fp, ) = 2.733; p = 0.072; n’p =
0.075). Similarly, no group differences were found for the error variables of the rVMA:
IDE (F(2, 65) = 2.565; p = 0.084; n’p = 0.071) and RMSE (F 3, 65) = 2.070; p = 0.134; n’p =
0.058) were similar among groups. In addition, we did not observe differences when
analyzing the effect of exercise on the rate of learning of both error variables, RL_IDE
(Fi, 57 = 0.384; p = 0.683; n’p = 0.015) and RL_RMSE (F, 57) = 0.736; p = 0.484; n’p =
0.026) (Figura 6.2). The covariable Site was found to be significant only in the RMSE

analysis (F(, 63) = 9.025; p = 0.004; n’p =0.119).
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Figura 6.2. Group average rate of learning during the adaptation set. Mean and standard deviations of
the rate of learning during the adaptation set of the rotational visuomotor adaptation task (rVMA). The
rate of learning (RL) of the initial deviation error (IDE) and root mean square error (RMSE) variables of
each group were computed and compared. Abbreviations: LONG, long exercise bout before the rVMA
task; SHORT, short exercise bout before the rVMA task; CON, no exercise before the rVMA task.

The effect of the different exercise interventions on the retentions of the rVMA task
were analyzed using repeated measure ANCOVAs. No group effect of the exercise
interventions was observed in any of the movement descriptive parameters: MT (F 3, 63
= 0.548; p = 0.580; n°p = 0.016), TD (F(2, 63) = 2.663; p = 0.077; n’p = 0.074), and RT (F,
68) = 1.440; p = 0.244; n’p = 0.041). However, significant group effects were found for
the IDE (F(, 63) = 7.102; p = 0.002; nzp =0.175) and the RMSE (F(,, 63) = 4.948; p = 0.010;
r]zp = 0.129) variables. Post-hoc analysis indicated that both exercise groups had lower
IDE values in comparison to CON group (LONG: p = 0.002; d = 0.868), SHORT: p = 0.022;
d = 0.708). Furthermore, LONG group also showed lower RMSE values compared to
CON group (p = 0.009; d = 0.704). Despite not observing a significant interaction effect,
planned pairwise comparisons where carried for the Group x Set interaction of both
error variables. Pairwise comparison analyses revealed that LONG group had a better

performance in all retention sets: RT1h (p = 0.004; d = 0.858), RT24h (p = 0.008; d =
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0.870), and RT7d (p = 0.009; d = 0.873) compared to the CON group for the IDE
variable (Figura 6.3). SHORT group also demonstrated a significantly better RT24h (p =
0.015; d = 0.859) than CONT group. Similarly, LONG group presented significantly
greater performance for the RMSE in comparison to CON group during all retention
sets: RT1 (p = 0.049; d = 0.621), RT24h (p = 0.026; d = 0.697), and the RT7d (p = 0.008;
d = 0.838). No differences were seen between exercise groups across retention sets for
any of the computed variables. The covariable Site was not significant in any of the

rVMA retention analyses.
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Figura 6.3. Group average error performance during retention sets of the rotational visuomotor task
(rVMA). Comparison of group’s performance during the short (RT1h), mid (RT24h) and long-term (RT7d)
retention sets. Normalized error values for the initial deviation error (IDE) and root mean square error
(RMSE) variables were compared. Significant differences were represented by (*). Abbreviations: LONG,
long exercise bout before the rVMA task; SHORT, short exercise bout before the rVMA task; CON, no
exercise before the rVMA task.
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6.5 Discussion

The main focus of this study was to observe the effect of two exercise protocol
durations (5 minutes, short bout, and 13 minutes, long bout) on the adaptation and
consolidation of a rVMA task. Despite that long intense exercise interventions have
already been observed to enhance motor learning in children, as presented in the
study 2 of the thesis, finding evidence of benefits from shorter exercise interventions

would open new possible exercise applications to facilitate motor learning in children.

Regarding motor adaptation, previous research has observed that while moderate
intensity aerobic exercise would enhance adaptation, higher exercise intensities would
produce a null effect, possibly because of inducement of fatigue (Roig et al., 2012) or
excessive arousal (McMorris & Hale, 2012). In the studies 1 and 2 presented in this
thesis, we already observed a null effect of the long exercise bout on adult and
children’s motor adaptation. Based on these evidences, we hypothesized that although
short, an intense exercise bout would still not affect motor adaptation because the
same limiting factors may apply. Results showed that performance of the rVMA task
during the adaptation set was similar among the three groups (LONG, SHORT and CON)
as we hypothesized. Exercise showed no effect on the movement descriptive
parameters (MT, TD, and RT), the mean error variables during adaptation (IDE and
RMSE) or the rate of learning (RL-IDE and RL-RMSE). Therefore, it seems that the
limited exercise effect on motor adaptation is rather robust when exercise intensity is

high no matter if the duration is longer or shorter.

One of the possible causes of this exercise null effect on motor adaptation is the

possible fatigue induced by the exercise bout intensity and the short delay time
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between exercise and the rVYMA AD (4 min). Moreover, as stated previously (McMorris
& Hale, 2012) moderate exercise may possibly facilitate motor adaptation by a
moderate increase in the catecholamine secretion, while intense exercise would
induce an excessive catecholamine concentration that could even be detrimental for
cognitive performance and hence motor adaptation. In fact, moderate exercise has
been shown to improve motor adaptation but not motor consolidation (Snow et al.,
2016; Statton et al., 2015; Thomas, Johnsen, et al., 2016), whereas intense exercise has
been observed to improve motor consolidation but not motor adaptation (Roig et al.,
2012). The results presented in studies 1 and 2 of this thesis are in agreement with this
previous evidence. We propose that the underlying mechanisms related to facilitation
of each learning process (i.e. adaptation or consolidation) might be different, possibly
presenting different responses to exercise-induced increases in neural substrates and
different time-dependent dynamics. However, further research may be necessary to
further speculate on this topic. Future studies should examine the effect of different
exercise intensities (high vs moderate) on motor adaptation and consolidation, and
analysis of the underlying mechanisms regarding each exercise intensity in both

populations, adult and children are necessary.

Regarding motor retention and based on previous research where relatively intense
and long exercise bouts enhanced motor memory consolidation in adults (Mang et al.,
2014; Roig et al., 2012; Thomas, Johnsen, et al., 2016) and children (Lundbye-Jensen et
al.,, 2017), we hypothesized that LONG group would enhance motor retention.
Furthermore, based on the evidence that intense exercise bouts shorter than 10 min
have facilitated declarative learning in adult (Winter et al., 2007) and children (Etnier

et al.,, 2014), we hypothesized that although LONG group would present a greater
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effect, SHORT group would also improve motor consolidation. Similarly to what we
hypothesized, both exercise interventions enhanced motor memory consolidation
whether the duration of the exercise was long or short. Movement approach defined
by the descriptive variables of the movement (MT, TD and RT) was similar among
groups and across retentions. However, the movement planning of the motor skill
(IDE) improved during the retention sets presumably as result of the exercise
intervention. This exercise based improvement cannot be explained by a Site effect
since differences where not found between Sites for the IDE variable. While SHORT
group presented improvements during the 24h retention set, LONG group showed a
greater and more sustained (all retention sets) improvement of the motor planning. In
addition, LONG group also presented an improvement in the movement straightness
at 24h and 7 days after adaptation. Therefore, although longer exercise durations may
provide greater enhancements, to our knowledge this is the first evidence of a
facilitation of motor memory consolidation after a bout of exercise as short as 5 min

duration.

Previous research in adult population has proposed that the exercise benefits on
memory consolidation may be produced by a stimulation of the learning related
neuroplasticity mechanisms. Neurotrophins like Brain Derived Neurotrophic Factor
(BDNF) along with catecholamines (epinephrine, norepinephrine and dopamine) are
some of the biomarkers that have captured more attention by the scientific
community in relation to enhancement of synaptic plasticity (Taubert et al., 2015).
Physical exercise, especially intense aerobic exercise, has been related to increases in
peripheral blood concentrations of these neurochemical compounds (Winter et al.,

2007). Furthermore, these exercise-related increases in neurochemical compounds
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have been related to improvements in declarative (Segal et al.,, 2012; Winter et al.,
2007) and motor memory consolidation (Mang et al., 2014; Skriver et al., 2014). In
addition to these neurochemical compounds, increases in blood lactate concentration
have also been seen to positively correlate with improvements in motor consolidation
(Skriver et al., 2014). Despite that a causal relation between lactate and synaptic
plasticity may be difficult to explain, it has been proposed that elevations of blood
lactate concentration could be acting as an intermediate or modulator of the synaptic
plasticity mechanisms, possibly involved in growth-factor signaling and brain
energetics (Skriver et al., 2014; Taubert et al., 2015). However, this relation has to be
interpreted with caution because of the difficulties to measure central concentration
levels of these biomarkers in humans, which limits the possibility to establish a causal
link between neurochemicals concentration and the exercise-induced memory
consolidation enhancements. Moreover, despite that increases in catecholamine
concentration have also been observed in response to an exercise intervention in
healthy children (Wigal et al., 2003), there is no evidence of the effect of exercise on
their neurotrophin levels or the relation between these neurochemicals and children’s
motor memory consolidation. Therefore, further research is required to explore the
potential mechanisms underlying the existing beneficial relation between exercise and

motor consolidation, especially in children.

Taking into consideration these evidences, this study presents new insights about the
influence of the exercise duration on the consolidation of procedural memory in
children. The different responses to exercise presented by the exercise groups could
be explained by a greater raise of the arousal and its’ underlying mechanisms in

response to a longer exercise exertion. It is expected that longer exercise exertions of
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similar conditions of high intensity might result in greater lactate productions (Jacobs,
1986) and, possibly, in a greater facilitation of the learning-related mechanisms
(Skriver et al., 2014). As presented by Engel et al. (2015), and despite that the amount
of lactate production in children is lower compared to adults at equal exercise
intensities, intense exercise would exponentially increase lactate production in both
populations. Consequently, we think that exercise duration could modulate the
exercise-induced benefits on motor consolidation though lactate and neurochemical
production, increasing its production when exercise duration is longer. Then, the
behavioral results of the present study, where LONG group obtained greater
consolidation improvements compared to SHORT group may indicate that, at equal
intensity, longer exercise bouts would produce greater stimulation of the plasticity
related mechanisms an thus more sustained motor consolidation. Overall, the results
in the present study suggest that exercise can enhance children’s motor learning.
Moreover, even with an exercise bout as short as 5 min it is possible to stimulate
children’s procedural memory consolidation at short term whenever the intensity of
the exercise is high. Previous studies have demonstrated the benefits in children
attention when performing short exercise sessions during school hours (Ma et al,,
2014; Mahar et al., 2006). Therefore, we think that short and intense exercise bouts
could be a suitable mean to improve children motor learning in school or sport

environments, where children engage in the learning of many new motor skills.
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6.6 Conclusions

Consolidation of the rVMA task was enhanced through acute exercise of two different
durations when compared to a control group who rested instead of exercising. Even
when the exercise duration was only 5 minutes, short term motor consolidation was
improved. However, greater exercise duration up to 13 minutes would be advisable to
increase the exercise effects on motor consolidation. As expected, and although
enhancing motor consolidation, intense exercise bouts could not improve the
adaptation rate of the motor task. It seems that a combination of high arousal and
fatigue could hinder the possible effect of exercise on motor adaptation, even when
the exercise duration is low. The positive effects of short acute exercise on children’s
motor learning support the trend of using short bouts of exercise in school or sport
environments to boost children’s motor learning. We also emphasize the importance
of studying the underlying mechanisms of exercise-induced improvements in memory

consolidation, especially in children where information on this topic is scarce.
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Capitulo 7: Efectos del ejercicio sobre la
adaptacion y consolidacion de la tarea rVMA:
la importancia de la edad
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7.1 Introduccion

En el presente capitulo se desarrollara un analisis comparativo de los resultados del
estudio 1 (Capitulo 4) y el estudio 2 (Capitulo 5) de la tesis doctoral. En ambos
capitulos se estudid el posible efecto de una intervencién aguda de ejercicio intenso
(i) sobre la adaptacidon y la consolidacion motora de la tarea de adaptacion
visuomotora rotacional (rVMA). Ademas, en ambos estudios también se analizo el
posible efecto del orden de presentacion de la tarea rVMA y el iE. Tanto en el caso de
los adultos (estudio 1) como en el de los nifios (estudio 2), no se observo un efecto del
ejercicio sobre la adaptacion de la tarea motora, ya que los participantes presentaron
un rendimiento y una ratio de aprendizaje similar tanto si habian realizado ejercicio
antes de ejecutar la adaptacion en la tarea rVMA como si no. Por el contrario, si que se
observaron mejoras en el proceso de consolidacion del aprendizaje motor. En el caso
de los adultos estas mejoras fueron observadas solo a corto plazo (set de retencion al
cabo de 1 h, RT1). En el caso de los nifos, los efectos del ejercicio no se limitaron a la
retencidn a corto plazo, sino que también se extendieron a medio y largo plazo cuando
el ejercicio se realizd antes de la tarea (set de retencion a las 24 h, RT24, y 7 dias,
RT7d). Por ultimo, si bien en el caso de los adultos no se apreciaron diferencias en
cuanto al efecto del orden de presentacién del iE y la adaptacién en la tarea rVMA, si
gue se observd un efecto en el caso de los nifos, quienes mostraron mejores

resultados cuando el ejercicio se presentd antes de la adaptaciéon motora.

Dados estos resultados, y tal y como se propuso en el caso del estudio 2 de la tesis, se
considera que podria existir un efecto modulador de la edad en relacién a los

beneficios del ejercicio sobre la consolidacién motora. Con la intencién de comprobar
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este posible efecto de la edad sobre los beneficios del ejercicio en el aprendizaje
motor, se realizé el presente analisis comparativo entre los estudios 1 y 2 de la tesis
doctoral. El estudio comparativo no se limitd a los resultados obtenidos en relacién a la
consolidacién del aprendizaje, sino que también se realizé la comparacién de las
caracteristicas de los participantes, del rendimiento basal y del proceso de adaptacién

de la habilidad motora.

De este modo, y junto a las bases presentadas en el capitulo 1, se hipotetizé que: (1)
los adultos presentarian un mayor rendimiento basal que los nifios en la tarea rVMA,
(2) los adultos presentarian un mayor rendimiento durante la adaptacion de la tarea
rVMA que los nifios, (3) el iE facilitaria la consolidacién motora de los nifios en mayor
medida que en los adultos, y (4) la realizacién de iE antes de la adaptacion de la tarea
rVMA seria la estrategia del orden de presentacion que mayores beneficios daria a los

nifios en comparacion con los adultos.

7.2 Analisis estadistico

Se asumio la normalidad de la distribucidn de los datos mediante el Test de Shapiro-
Wilk. Cuando los datos no se ajustaron a la distribucion normal se aplicaron
transformaciones o se utilizaron test no-paramétricos alternativos que se adecuaran a
la tipologia de analisis. Las caracteristicas de los participantes (edad, afios; VO,max
estimado, ml/kg/min) fueron comparadas mediante el Test U de Mann-Whitney. Para
la primera hipdtesis del analisis, se compararon los valores promedio de los
parametros calculados para el set basal (BA) de la tarea rVMA (MT, tiempo de
movimiento; TD, distancia recorrida; RT, tiempo de reaccién; IDE, error direccional

inicial; y RMSE, raiz del promedio de los errores al cuadrado) a partir del andlisis de la
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varianza (ANOVAs) de dos vias (Grupo x Edad). De forma similar, para la segunda
hipétesis las diferencias durante el set de adaptacién (AD) fueron analizadas utilizando
ANOVAs de dos vias (Cohorte x Edad) para la ratio de aprendizaje (RL-IDE y RL RMSE) y
los valores promedio del resto de los pardmetros calculados de la tarea rVMA (MT, TD,
RT, IDE y RMSE). En este caso, la muestra de cada estudio se dividié en dos Cohortes
en funcidn de si habian realizado o no ejercicio antes de ejecutar el set AD de la tarea
rVMA: Cohorte de ejercicio (grupo EX-rVMA) y Cohorte de no-ejercicio (que incluye los
grupos rVMA-EX y CON). Esta division fue realizada Unicamente con propdsitos de
analisis de los datos. Por ultimo, con el fin de comprobar la tercera y cuarta hipétesis
del presente analisis, se compararon los parametros de la tarea rVMA (MT, TD, RT, IDE
y RMSE) para los sets de retencién (RT1, RT24 y RT7d) utilizando ANOVAs de medidas
repetidas de tres vias (Set x Grupo x Edad). Los valores de la correccién de esfericidad
de Greenhouse-Geisser se reportaron cuando fue necesario. En caso de hallar
diferencias significativas para las ANOVAs se realizaron andlisis post-hoc aplicando la
correccion de Bonferroni. Basandonos en las hipdtesis formuladas y en los resultados
previos de los estudios 1 y 2 de la tesis doctoral, se realizaron comparaciones
planificadas en caso de no encontrar un efecto significativo para las interacciones de
interés. El tamafio del efecto se calculé de acuerdo con Cohen (1988): d para las
comparaciones por pares (0.2 efecto pequeno, 0.5 medio, 0.8 grande), r para el Test U
de Mann-Whitney (0.1 efecto pequefio, 0.3 medo, 0.5 grande) y n’p para las ANOVAs
(0.01 efecto pequeiio, 0.06 medo, 0.14 grande). El nivel de significacion estadistica fue

fijado en p<0.05 para todas las comparaciones.
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7.3 Resultados

7.3.1 Caracteristicas de los participantes

Las caracteristicas de los participantes (edad y VO,max estimado) fueron comparadas
utilizando el Test no paramétrico U de Mann-Whitney. Los participantes adultos
mostraron una edad significativamente superior a la de los nifios (U =0; p = 0.001; r =
0.860). Al mismo tiempo, en comparacién a los nifios, los participantes adultos

también mostraron un VO,max estimado mayor (U = 254; p = 0.002; r = 0.400).

7.3.2 Rendimiento basal de adultos y niiios en la tarea rVMA

En cuanto a los pardmetros analizados para la prueba de aprendizaje rVMA, se
compard el rendimiento basal de ambos grupos de edad a partir del analisis de la
varianza (ANOVA) (ver los resultados en la Tabla 7.1). Se observé un efecto principal de
la edad en las variables descriptivas del movimiento: MT, TD y RT. En comparacion a
los nifos, los adultos mostraron valores inferiores tanto para el MT como para el TDy
el RT. Asi mismo, los participantes adultos manifestaron una magnitud menor en
cuanto a las variables de error: IDE y RMSE. Estas diferencias encontradas en el
rendimiento basal de la tarea rVMA entre los dos grupos de edad sumaron
importancia a la necesidad de normalizar los datos de los sets de adaptacién vy
retencidn a partir de los respectivos valores basales de cada variable para poder
comparar ambos grupos de edad adecuadamente. Es importante resaltar que no se
hallaron diferencias significativas en ninguna de las variables entre los grupos o en la

interaccion grupo y edad.
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Tabla 7.1. Resultados del analisis del set BA de la tarea rVMA

Variable Efecto principal o interaccion df F p n2p Potencia Post-hoc

MT EDAD 56,5 40.103 0.000 0.417 1.000 ADULTOS < NINOS
GRUPO 56,5 0.028 0.973 0.001 0.054
EDAD x GRUPO 56,5 0.182 0.834 0.006 0.077

D EDAD 56,5 54.442 0.000 0.493 1.000 ADULTOS < NINOS
GRUPO 56,5 0.682 0.510 0.024 0.159
EDAD x GRUPO 56,5 1.604 0.210 0.054 0.326

RT EDAD 56,5 65.781 0.000 0.540 1.000 ADULTOS < NINOS
GRUPO 56,5 2.933 0.061 0.095 0.550
EDAD x GRUPO 56,5 0.836 0.439 0.029 0.186

IDE EDAD 56,5 51.900 0.000 0.481 1.000 ADULTOS < NINOS
GRUPO 56,5 0.604 0.550 0.021 0.146
EDAD x GRUPO 56,5 0.416 0.662 0.015 0.114

RMSE EDAD 56,5 10.219 0.002 0.154 0.881 ADULTOS < NINOS
GRUPO 56,5 1.288 0.284 0.044 0.268
EDAD x GRUPO 56,5 0.909 0.409 0.031 0.199

Las diferencias significativas han sido resaltadas en negrita y sombreadas
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7.3.3 Comparacion del efecto del ejercicio sobre la adaptacion motora entre
adultos y nifios
Para el analisis del efecto del ejercicio sobre la adaptacién motora, se dividieron los
participantes de cada estudio en dos cohortes en funciéon de si habian realizado
ejercicio o no antes de participar en la adaptacion de la tarea rVMA, cohorte de
ejercicio (grupo EX-rVMA) y cohorte de no ejercicio (grupos rVMA-EX y CON), y se
compararon los resultados de ambos estudios. Asi mismo, recordamos que las
variables fueron normalizadas por sus valores en rendimiento basal. La comparacion
del comportamiento de las Cohortes y los grupos de Edad durante el set de adaptacion
se realizd a partir de ANOVAs (ver los resultados en la Tabla 7.2). Durante la
adaptacidon motora, se observd un efecto principal de la edad sobre las variables de
error donde ambas, IDE y RMSE, presentaron unos valores menores en los adultos que
en los nifios. De forma similar, también se observd un efecto principal de la Edad sobre
la ratio de aprendizaje de la variable IDE (RL-IDE). En cuanto a la interaccién de la Edad
y la Cohorte, no se encontré un efecto para ninguna de las variables estudiadas. Aun
asi, en el caso de las variables IDE, RMSE, RL-IDE y RL-RMSE, se realizaron
comparaciones planificadas sobre esta interaccidon (Edad x Cohorte) donde se observd
como los adultos presentaban un nivel de error inferior y una mayor ratio de
aprendizaje que los nifios, tanto en el caso de la cohorte de ejercicio (IDE: p = 0.040, d
=0.975; RMSE: p = 0.050, d = 1.351; RL-IDE: p = 0.012, d = 1.391; RL-RMSE: p = 0.072, d
= 1.051) como en la de no ejercicio (IDE: p = 0.001, d = 1.623; RMSE: p = 0.001, d =
1.195; RL-IDE: p = 0.002, d = 1.029; RL-RMSE: p = 0.003, d = 0.916) (Figura 7.1). Cabe
decir que, si bien en la cohorte de ejercicio solo se observd una tendencia para la

variable RL-RMSE, el tamafio del efecto encontrado en esta comparacion fue grande.
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Tabla 7.2. Resultados del analisis del set AD de la tarea rVMA

Variable Efecto principal o interaccién df F p n2p Potencia Post-hoc

MT* EDAD 58,3 0.024 0.877 0.000 0.053
COHORTE 58,3 3.494 0.067 0.057 0.452
EDAD x COHORTE 58,3 0.756 0.388 0.013 0.137
TD* EDAD 58,3 3.285 0.075 0.054 0.430
COHORTE 58,3 0.071 0.790 0.001 0.058
EDAD x COHORTE 58,3 0.054 0.817 0.001 0.056
RT* EDAD 58,3 0.195 0.660 0.003 0.072
COHORTE 58,3 0.932 0.338 0.016 0.158
EDAD x COHORTE 58,3 1.827 0.182 0.031 0.265

IDE* EDAD 58,3 21.791 0.000 0.273 0.996 ADULTOS < NINOS
COHORTE 58,3 1.482 0.228 0.025 0.224
EDAD x COHORTE 58,3 1.456 0.232 0.024 0.221

RMSE* EDAD 58,3 16.195 0.000 0.218 0.977 ADULTOS < NINOS
COHORTE 58,3  0.520 0.474 0.009 0.109
EDAD x COHORTE 583  0.536 0.467 0.009 0.111

RL-IDE EDAD 52,3 16.027 0.000 0.236 0.975 ADULTOS < NINOS
COHORTE 52,3  0.102 0.751 0.002 0.061
EDAD x COHORTE 52,3  0.073 0.788 0.001 0.058

RL-RMSE EDAD 52,3 10.748 0.002 0.171 0.896 ADULTOS < NINOS
COHORTE 523  0.022 0.883 0.000 0.052
EDAD x COHORTE 52,3  0.083 0.774 0.002 0.059

Variables normalizadas*. Las diferencias significativas han sido resaltadas en negrita y sombreadas

171



>
vy

30 - * * 0.30 - * * . Adultos
’ C— Nifios
25 - 0.25 A
‘Eg‘ 20 A A 0.20 A
i L
5 15 - (L}J) 0.15 1
W 10 - Z 0.0 |
5 - 0.05 4
0 0.00
Ejercicio No Ejercicio Ejercicio No Ejercicio
C Ejercicio No Ejercicio D Ejercicio No Ejercicio
0 0.00
= _5 d '005 N
@ —_
o 1 £ -0.10 -
3 10 .
= ‘é -0.15 1 1
L
-15
= T 020 -
-
or nd
-20 L |_ -0.25
- L - . L
25 * * 0.30 *

Figura 7.1. Promedios del error y la ratio de aprendizaje de las cohortes y grupos de edad durante el set AD
de la tarea rVMA. Comparacion del rendimiento y de la ratio de aprendizaje de los grupos de edad
pertenecientes a las cohortes de ejercicio (grupo EX-rVMA) y no ejercicio (grupos rVMA-EX y CON). En el
grafico (A): comparacién del error direccional inicial (/nitial Deviation Error, IDE). En el grafico (B): comparacién
de la raiz del promedio de los errores al cuadrado (Root Mean Square Error, RMSE). En el grafico (C):
comparacion de la ratio de aprendizaje (Rate Learning, RL) del IDE (RL-IDE). En el grafico (D): comparacién del
RL del RMSE (RL-RMSE). Las diferencias significativas fueron representadas con (*)

7.3.4 Comparacion del efecto del ejercicio sobre la consolidacion motora entre
adultos y nifos

La comparacion del efecto del ejercicio (Grupo) sobre la consolidacidon de la memoria

motora (Sets) en las poblaciones de los dos estudios (Edad) se realizd utilizando

ANOVAs de medidas repetidas (ver los resultados en la Tabla 7.3 y la Tabla 7.4). Se

encontrd un efecto principal del Set para las variables descriptivas TD y RT. En el caso

del TD, se observaron trayectorias mas cortas en el set RT1 en comparacién con los

sets RT24 (p = 0.001; d = 0.530) y RT7d (p = 0.001; d = 0.509). En el caso del RT, se
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observé un decremento del tiempo de reaccion al estimulo desde el set RT1 al RT7d (p

=0.019; d = 0.285).

Al margen de las variables descriptivas del movimiento, también se encontré un efecto
principal del Set sobre la variable de error RMSE, donde se observé un error mayor en
el set RT24 en comparacién con el RT1 (p = 0.001; d = 0.274) y el RT7d (p = 0.003; d =
0.274). Cuando se realizaron las comparaciones para analizar el efecto principal de
Edad, se observé que los adultos presentaban un TD menor al de los nifios. Asi mismo
y en cuanto a las variables de error, se reveld un efecto principal de Edad para el IDE y
el RMSE, donde los adultos mostraron menores valores de error en comparacion a los
ninos. Al analizar los efectos del Grupo sobre los pardmetros de estudio, se hallé un
efecto principal para las dos variables de error dado que se advirtié un error mayor en
los participantes del grupo CON en comparacion a los del grupo EX-rVMA (IDE: p =

0.011, d = 0.879; RMSE: p = 0.011, d = 0.855).

Durante el estudio de las interacciones, se observd un efecto de la interaccion entre
los Sets y la Edad para la variable RMSE, donde los adultos presentaban menores
valores de error tanto en el set RT1 (p = 0.001; d = 0.954) como en el RT24 (p = 0.021; d
= 0.596) comparados con los nifos, pero no asi para el set RT7d. Tanto la interaccién
entre el Grupo y Edad de los participantes como la triple interaccion entre Set, Grupoy
Edad no mostraron un efecto significativo para ninguna de las comparaciones, aunque
la interaccién Grupo x Edad mostré una tendencia en las variables IDE y RMSE. A pesar
de no hallar un efecto de la interaccidén de estos factores, se realizaron comparaciones
planificadas para las dos variables de error estudiadas: IDE y RMSE. Para el caso de la

interaccidon Grupo x Edad, se observd que en ambas variables solo los participantes del
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grupo CON presentaron diferencias entre adultos y nifios (IDE: p = 0.006, d = 1.096;
RMSE: p = 0.001, d = 1.152) (Figura 7.2). Estas diferencias fueron mantenidas durante
el andlisis de la triple interaccidén Set x Grupo x Edad, donde las comparaciones por
pares de la variable IDE mostraron cdmo los participantes del grupo CON presentaban
un IDE menor en los participantes adultos en comparacion con los nifios en todos los
sets de retencion (RT1: p = 0.012, d = 0.949; RT24: p = 0.008, d = 1.294; y RT7d: p =

0.027, d = 1.131) pero no asi en los otros grupos.

En cuanto al RMSE, se observd una situacidn parecida donde los adultos presentaron
menor error que los nifios mayoritariamente en el grupo CON (RT1: p = 0.002, d =
1.071; RT24: p =0.002, d = 1.190; y RT7d: p = 0.010, d = 1.203). No obstante, en el caso
del grupo rVMA-EX, los adultos también mostraron un menor error en comparacién a
los nifios, aunque solo durante el RT1 (p = 0.013, d = 1.264), siendo el rendimiento

similar para los sets RT24 y RT7d.
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Tabla 7.3. Resultados del andlisis de las variables descriptivas del movimiento de los sets RT1, RT24 y RT7d de la tarea rVMA

Variable Efecto principal o interaccién df F p n2p Potencia Post-hoc
MT SET 56,5 1.116 0.331 0.020 0.242
EDAD 56,5 0.018 0.894 0.000 0.052
GRUPO 56,5 0.774 0.466 0.027 0.175
SET x GRUPO 56,5 1.330 0.263 0.045 0.404
SET x EDAD 56,5 0.918 0.402 0.016 0.205
GRUPO x EDAD 56,5 0.363 0.697 0.013 0.105
SET x GRUPO x EDAD 56,5 0.948 0.439 0.033 0.292
D SET 56,5 17.981 0.000 0.243 1.000 RT1 < RT24, RT7d
EDAD 56,5 6.767 0.012  0.108 0.725 ADULTOS < NINOS
GRUPO 56,5 0.311 0.734 0.011 0.097
SET x GRUPO 56,5 0.941 0.443 0.033 0.290
SET x EDAD 56,5 2.442 0.092 0.042 0.483
GRUPO x EDAD 56,5 0.684 0.509 0.024 0.160
SET x GRUPO x EDAD 56,5 1.538 0.196 0.052 0.463
RT SET 56,5 5.095 0.010 0.083 0.781 RT7d < RT1
EDAD 56,5 2.941 0.092 0.050 0.392
GRUPO 56,5 1.355 0.266 0.046 0.280
SET x GRUPO 56,5 1.288 0.281 0.044 0.369
SET x EDAD 56,5 2.466 0.096 0.042 0.460
GRUPO x EDAD 56,5 0.002 0.998 0.000 0.050
SET x GRUPO x EDAD 56,5 0.613 0.638 0.021 0.187

Todas las variables analizadas fueron normalizadas. Las diferencias significativas han sido resaltadas en negrita y sombreadas
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Tabla 7.4. Resultados del andlisis de las variables de error de los sets RT1, RT24 y RT7d de la tarea rVMA

Variable Efecto principal o interaccién df F p n2p Potencia Post-hoc

IDE SET 56,5 1.036 0.352 0.018 0.215
EDAD 56,5 4.627 0.036 0.076 0.561 ADULTOS < NINOS
GRUPO 56,5 4.992 0.010 0.151 0.792 EX-rVMA < CON
SET x GRUPO 56,5 1.724 0.158 0.058 0.480
SET x EDAD 56,5 2.696 0.079 0.046 0.493
GRUPO x EDAD 56,5 2.562 0.086 0.084 0.491
SET x GRUPO x EDAD 56,5 0.635 0.621 0.022 0.192

RMSE SET 56,5 8.642 0.000 0.134 0.965 RT1 < RT24; RT7d < RT24
EDAD 56,5 8.989 0.004 0.138 0.838 ADULTOS < NINOS
GRUPO 56,5 4.660 0.013  0.143 0.762 EX-rVMA < CON
SET x GRUPO 56,5 2.120 0.083 0.070 0.613
SET x EDAD 56,5 5.721 0.004 0.093 0.857 RT1, RT24: ADULTOS < NINOS; RT7d: ADULTOS =
NINOS

GRUPO x EDAD 56,5 2.544 0.088 0.083 0.488
SET x GRUPO x EDAD 56,5 0.772 0.546 0.027 0.241

Todas las variables analizadas fueron normalizadas. Las diferencias significativas han sido resaltadas en negrita y sombreadas
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Figura 7.2. Promedio del error de las retenciones para la interaccion de los factores grupo
y edad. Comparacion del rendimiento en la tarea rVMA entre los dos grupos de edad y
para cada grupo experimental. Las variables comparadas son (A) el Initial Deviation Error
(IDE) y (B) el Root Mean Square Error (RMSE). Abreviaciones: EX-rVMA, practica de ejercicio
antes de la adaptacién motora; rVMA-EX, practica de ejercicio después de la adaptacion
motora; CON, solo adaptacion motora.
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7.4 Discusion

7.4.1 Rendimiento basal de adultos y niios en la tarea rVMA

Se compard el rendimiento basal de los nifos y los adulos en la tarea rVMA para
evaluar las posibles diferencias que pudiesen existir en cuanto al desarrollo motor
entre los dos grupos de edad. Se hipotetizd que los nifios presentarian un rendimiento
inferior al de los adultos en las condiciones basales de la tarea rVMA. Esta hipédtesis se
fij6 basandonos en estudios previos donde se han observado diferencias importantes
entre ninos y adultos en cuanto al desarrollo y rendimiento en tareas de adaptacién
visuomotora (Davies, Gehringer, & Kurz, 2015; Ferrel et al., 2001; Leversen et al., 2012;
Tahej et al.,, 2012). Acorde a la hipdtesis planteada, los nifios, presentaron un
movimiento con mayor duracién (MT) y trayectoria recorrida (TD) en comparacién con
los adultos, lo cual podria relacionarse con una trayectoria menos directa y con una
velocidad de desplazamiento menor. Asi mismo, también presentaron un tiempo de
reaccién (RT) mayor ante la aparicion del punto objetivo al cual debian dirigir sus
movimientos en la tarea motora. En cuanto al error, los nifios mostraron un mayor IDE
en comparacion con los adultos. La variable IDE se utiliz6 como parametro para valorar
el error previo a la posibilidad de aplicar correcciones guiadas a través del feedback
perceptual (Contreras-Vidal et al., 2005) vy, por lo tanto, podria indicar que los nifios
presentaron una peor planificacion motora que los adultos. Asi mismo, los nifios
también mostraron un error mayor durante toda la trayectoria del movimiento (mayor
RMSE), de forma que presentaron un movimiento menos directo hacia el punto
objetivo. Esta situacion podria verse provocada o afectada por un mayor IDE, aunque

creemos que también podria reflejar un uso menos eficiente de las correcciones
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guiadas por el feedback perceptual durante el movimiento del joystick (Contreras-Vidal
et al., 2005). En resumen, los movimientos de los nifios en condiciones de no rotacién

fueron mas lentos y menos precisos que los de los adultos.

Con el objetivo de reducir la variabilidad habitualmente presente en los nifios en este
tipo de tareas, las variables de los subsiguientes sets de la tarea rVMA (AD, RT1, RT24,
RT7d) se normalizaron a partir de los valores correspondientes del set BA. Asi mismo,
esta normalizacién ayudd a reducir el impacto de las diferencias observadas a nivel
basal entre nifios y adultos, facilitando de este modo la comparacién de los efectos del
ejercicio sobre la adaptacidn y consolidacion de la rotacion visuomotora presentada.
De este modo, y en adelante, al discutirse posibles diferencias de rendimiento entre
ninos y adultos, debera tenerse en cuenta que dichas diferencias haran referencia a los

valores de rendimiento relativos al rendimiento basal en la tarea rVMA.

7.4.2 Efectos del ejercicio sobre la adaptacidn de la tarea rVMA en adultos y nifos

En relacion al efecto del ejercicio sobre la adaptacién motora, hipotetizamos que el
rendimiento de los participantes adultos seria mayor que el de los nifios durante la
adaptacion de la tarea rVMA. Esta hipdtesis fue basada en el hecho de que el proceso
de adaptacion de la informacidn perceptual en las tareas de adaptaciéon visuomotora
parece refinarse con la edad, de modo que los nifios presentan un ritmo de adaptacion
y rendimiento inferiores al de los adultos (Contreras-Vidal et al., 2005). Ademas,
parece ser que esta situacidn no podria ser mitigada a través del ejercicio, ya que los
resultados de investigaciones previas (Roig et al., 2012), y de los estudios 1y 2 de la
presente tesis, mostraron cdmo el ejercicio de intensidad elevada no tuvo un efecto

sobre la adaptacion motora.
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De forma similar a la hipdtesis formulada observamos que, a pesar de no existir
diferencias en cuanto a la aproximacién de movimiento utilizada por un grupo de edad
u otro, si que se encontrd un mayor error en el caso de los nifos, tanto al inicio del
movimiento (IDE) como durante toda su trayectoria (RMSE). Asi mismo, también se
hallé que la ratio de aprendizaje de los participantes adultos (RL-IDE y RL-RMSE) habia
sido mayor a la de los nifios. De esta manera, no solo el error promedio durante la AD
habia sido inferior para los adultos sino que, ademas, el ritmo al que se redujo dicho

error fue mas rapido.

Se pudo observar también como estas diferencias entre nifos y adultos se mantenian
al observar por separado las dos cohortes comparadas, de modo que los adultos
seguian presentando un menor error promedio y un mayor ritmo de adaptacién tanto
si los participantes habian practicado ejercicio antes de realizar la AD (cohorte de
ejercicio) como si no (cohorte de no ejercicio). Dada esta situacion, creemos que el
ejercicio no ha facilitado la adaptacién de la tarea rVMA independientemente de la
edad del participante. Estudios previos han observado cdmo, mientras la realizacién de
ejercicio de intensidad moderada puede ejercer un efecto beneficioso sobre la
adaptacion motora de adultos (Snow et al., 2016; Statton et al., 2015), el ejercicio de
elevada intensidad puede producir un efecto nulo sobre el proceso de adaptacidn,
posiblemente a partir de la induccion de cierto nivel de fatiga durante el ejercicio (Roig
et al., 2012). Asi mismo, también parece poder influir en esta situacidén una excesiva
estimulacion del sistema nervioso central, hecho que podria incluso llevar a una
situacion contraproducente en cuanto a la estimulacion cognitiva producida a través

del ejercicio (McMorris & Hale, 2012).

180



Aun asi, y hasta donde llega nuestro conocimiento, el estudio 2 de la presente tesis
doctoral fue el primer estudio donde se investigd el efecto del ejercicio sobre la
adaptacion de los aprendizajes motores en nifios. De este modo, otros estudios donde
se examine el efecto de ejercicios de diferente intensidad y de forma comparativa con
poblacién adulta serian necesarios para poder ampliar el conocimiento sobre el
alcance de los beneficios del ejercicio sobre la adaptacién motora en nifios y la

posibilidad de equiparar su rendimiento y ritmo de adaptacién al de los adultos.

7.4.3 Efectos del ejercicio sobre la consolidacion de la tarea rVMA en adultos y
nifos
Al contrario que en el caso de la adaptacién donde el ejercicio parece tener un efecto
nulo, son numerosos los casos donde se ha observado un efecto positivo del ejercicio
de intensidad elevada sobre la consolidacién motora tanto en adultos (Mang et al.,
2014; Roig et al., 2016, 2012; Thomas, Beck, et al., 2016; Thomas, Flindtgaard, et al.,
2016; Thomas, Johnsen, et al.,, 2016) como, aunque en menor medida, en nifos
(Lundbye-Jensen et al., 2017). Mas alld de estos precedentes, observando los
resultados de los estudios 1 y 2 de la presente tesis doctoral podemos comprobar
como tanto nifos como adultos obtuvieron una mejora en la consolidacién de la tarea
rVMA a partir de una intervencidén de ejercicio intenso. En el caso de los nifios, los
resultados mostraron un efecto positivo de mayor magnitud y longevidad en
comparacion con los adultos. Partiendo de estas evidencias, se hipotetizd que el
ejercicio podria facilitar la consolidacidn motora de los nifios en mayor medida que la

de los adultos.
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De acuerdo con la hipotesis formulada, los nifios de los grupos de ejercicio mostraron
valores de rendimiento (IDE y RMSE) muy similares a los observados en los adultos, en
especial en el caso del grupo EX-rVMA donde esta tendencia fue observada en todos
los sets de retencidn. En el grupo rVMA-EX, si bien se observaron rendimientos parejos
a medio y largo plazo (RT24 y RT7d), a corto plazo (RT1) el rendimiento de los nifios fue
inferior al de los adultos. Por el contrario, los nifios del grupo CON mostraron un
rendimiento inferior (IDE y RMSE) al de los adultos en todos los sets de retencién (RT1,

RT24 y RT7d).

Ademas, también se observé cémo los nifos del grupo CON realizaron movimientos
mas largos que los adultos, lo cual podria indicar que los movimientos realizados
fueron mas curvilineos y se aumentaba asi la distancia total recorrida. De este modo, y
considerando las diferencias de rendimiento halladas entre adultos y nifios durante la
adaptacion, parece ser que el ejercicio facilitd los procesos de consolidacion de los
ninos en mayor medida que en los adultos, obteniendo ambos grupos de edad un
rendimiento relativo (mejora respecto a su nivel basal) similar. Por el contrario, en
ausencia de ejercicio, se mantendrian durante la consolidacidn las diferencias propias
de la edad entre adultos y nifos, ya observadas tanto a nivel basal como durante Ila

adaptacion motora.

Se cree que estos efectos positivos del ejercicio sobre la consolidacion de la memoria
motora podrian ser causados por una estimulacién de los mecanismos relacionados
con la plasticidad neuronal. En adultos, dos de los mecanismos que han sido
relacionados con la mejora de la consolidacién motora y el ejercicio fisico son el

incremento de la concentracién en sangre de las catecolaminas y del factor
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neurotréfico derivado del cerebro (BDNF) (Mang et al., 2014; Skriver et al., 2014). En
ninos, también se han observado incrementos en la secreciéon de catecolaminas a
partir de la realizacion de ejercicio (Wigal et al., 2003), aunque no existe evidencia de
su efecto sobre el aprendizaje motor o cdmo afecta el ejercicio agudo a la secrecién de

factores tréficos como el BDNF.

De este modo, dada la limitada evidencia en relacidén con nifos y a las dificultades para
valorar los niveles de dichos compuestos neuroquimicos a nivel central en humanos, la
interpretacidon de los mecanismos que soportan los resultados de estos estudios debe
ser realizada con cautela. M3as alla de los mecanismos que podria haber inducido esta
mejora sobre la consolidacién motora a partir del ejercicio, cabria también abordar el
posible motivo por el cual los ninos han presentado un efecto relativo mayor sobre Ia
consolidacién motora en comparacion a los adultos como respuesta a la realizacion del
ejercicio. A continuacién, expondremos algunos de los factores que creemos que

podrian haber precedido esta situacion.

En primer lugar, en el caso de los participantes adultos la cantidad de practica
realizada durante el set AD podria haber sido suficiente para alcanzar un techo en el
rendimiento. Por el contrario, los nifios requirieron un numero de intentos mayor para
adaptarse a la rotaciéon de la tarea motora (menor ratio de aprendizaje) y su error
promedio fue mayor que el de los adultos, de modo que creemos que el margen de
mejora de los nifios durante el set AD podria considerarse mayor. De hecho, en un
estudio reciente se ha observado que nifios y adultos presentan diferentes estrategias
durante el aprendizaje de una tarea motora (Du et al., 2017). En este estudio se

observé como los adultos mostraban una ratio de aprendizaje muy elevada durante el
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inicio de la practica en la tarea motora y cdmo la mejora de su rendimiento sucedia
intento a intento durante los propios bloques de practica de la habilidad (aprendizaje
online). Por el contrario, observd que los nifos (especialmente los mas jovenes, 6 afios)
no eran capaces de manifestar las mejoras de rendimiento hasta haber pasado un
periodo de no practica (aprendizaje offline), manteniendo un nivel de rendimiento
similar durante los intentos de cada bloque de practica. De esta forma, dado el alto
rendimiento alcanzado por los adultos al final de la adaptacidn, el efecto del ejercicio
sobre su consolidacion motora podria haber sido relativamente limitado, ya que se
presentd efecto solo en la RT1 tal y como se expuso en el estudio 1 de la tesis. Por el
contrario, en el caso de los nifios la practica de ejercicio y la facilitacién de los procesos
de consolidacidon podrian haber paliado las dificultades experimentadas durante la
adaptacion vy facilitado los procesos de aprendizaje offline, de los cuales parecen ser
mas dependientes. De esta forma, los nifios habrian sido capaces de equiparar su

rendimiento relativo al de los adultos durante los sets de retencion.

En segundo lugar, otro de los factores que podria haber contribuido a un mayor efecto
del ejercicio sobre los nifios es, posiblemente, una mayor predisposicion de su sistema
nervioso central a la activacion de los mecanismos responsables de la plasticidad
neuronal. Esta predisposicion podria deberse a la plasticidad neuronal relacionada con
el desarrollo, la cual sucede durante los Ilamados periodos sensibles del desarrollo del
organismo (Knudsen, 2004). Estos periodos sensibles estdn relacionados con una
mayor actividad de los procesos de consolidacién de la informacion sensorial y existen
varios periodos sensibles a lo largo de la vida y para cada modalidad sensorial (para
una revision ver Rohlfs Dominguez, 2014). Una de las situaciones mas estudiadas en

relacion al aprendizaje durante los periodos sensibles ha sido el caso del aprendizaje
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musical. Existe evidencia de que la ensefianza musical temprana (antes de los 5 afios y
en pleno proceso de desarrollo del sistema nervioso) tiene un impacto directo sobre el
rendimiento del aprendizaje musical, asi como un impacto sobre las estructuras
cerebrales relacionadas con este aprendizaje, hecho que no ha sido observado en
personas que iniciaron su ensefianza musical a edades mds avanzadas (White, Hutka,

Williams, & Moreno, 2013).

En relacion al control de los movimientos de la mano, una de las formas de medir el
grado de desarrollo del sistema nervioso es a través del estudio de la velocidad de
conduccién del tracto cortico-espinal (Udupa & Chen, 2013). Si bien se ha observado
gue en nifos de entre 5 y 10 afios de edad, bajo condiciones de facilitacién, esta
velocidad de conduccién es similar a la de los adultos, en condiciones de relajacion
existen diferencias entre unos y otros (Heinen, Fietzek, Berweck, & Hufschmidt, 1998;
Lahr, Elisabeth, Disorders, & Clinics, 2000). Estas diferencias de conduccién del tracto
cortico-espinal han sido relacionadas con diferencias de rendimiento en varias tareas
motoras y se han asociado a una organizaciéon pre-motora sindptica inmadura. De
forma especulativa, podriamos relacionar entonces este estado de inmadurez del
sistema nervioso a un estado de sensibilidad asociado a una mayor plasticidad
neuronal, similar a lo observado en el caso del aprendizaje musical. De este modo, el
estado de desarrollo del sistema nervioso de los participantes del estudio 2 de esta
tesis podria haber incrementado la respuesta a la practica de ejercicio y asi facilitar en
mayor medida la consolidacion de la tarea motora. Asi, esta situacién podria explicar,
en parte, el mayor efecto observado en el caso de los nifios en cuanto a la

consolidacién de la tarea rVYMA.
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Por ultimo, otro de los factores que podria haber modulado los beneficios del ejercicio
sobre la consolidacién motora es el nivel de condicidn fisica de los participantes.
Parece ser que el mayor efecto sobre la consolidacidon de la memoria a partir de una
intervencion aguda de ejercicio se obtendria cuando el nivel de condicién fisica
cardiovascular de los individuos es de un nivel moderado (Roig et al., 2013). A pesar de
gue no esta del todo claro cual es el papel del nivel de condicidn fisica en el binomio
ejercicio-consolidacidon, parece ser que este factor podria actuar regulando la
estimulacion inducida por el ejercicio sobre los mecanismos responsables de la
promocion de la plasticidad neural (p. ej. la produccion del BDNF) (Currie,

Ramsbottom, Ludlow, Nevill, & Gilder, 2009).

En la presente comparacion, encontramos diferencias entre adultos y nifos a nivel del
VO,max estimado, siendo este pardmetro inferior para los nifios. De este modo,
podriamos considerar que en esta situacion el nivel de condicidon fisica de los
participantes podria actuar como una posible causa moduladora del efecto del
ejercicio, beneficiando en este caso a los nifios. Aun asi, la escasa evidencia existente
en relacién a la funcién del nivel de condicién fisica como modulador del efecto del
ejercicio, junto con el escaso conocimiento existente en relacién a los mecanismos
responsables de dicho efecto, limitan mayores especulaciones en torno a esta

situacion.

Este analisis comparativo de los estudios 1 y 2 de la presente tesis doctoral afiade una
nueva evidencia acerca de cédmo una sesidn de ejercicio intenso puede facilitar la
consolidacion motora de los nifios equiparando su aprendizaje motor relativo (al

rendimiento basal) al de los adultos. De igual manera, parece ser que los nifios
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obtendrian mayores beneficios derivados de la practica aguda de ejercicio en
comparacion a los adultos a causa de un mayor margen de mejora, motivado por una
mayor predisposicidn a la plasticidad neuronal relacionada con el desarrollo y por un
efecto modulador del nivel de condicién fisica. Aun asi, harian falta futuros estudios
para poder confirmar ambas aportaciones y definir con mayor profundidad el rol de los
factores propuestos como moduladores del mayor efecto del ejercicio sobre Ia

consolidacion motora de los nifios.

7.4.4 Efecto del orden de presentacion del ejercicio y la tarea motora sobre la
consolidacion de la tarea rVMA en adultos y nifios
Por ultimo, en relacién al orden de presentacién del iE y la AD de la tarea rVMA,
hipotetizamos que la presentacion del iE antes de la AD (grupo EX-rVMA) facilitaria en
mayor medida la obtencidn de un nivel de rendimiento similar al de los adultos
durante los sets de retencién. Esta hipotesis fue formulada basdndonos en los
resultados del estudio 2 de la tesis doctoral donde observamos cémo el grupo EX-
rVMA presentaba un mayor efecto del ejercicio sobre la consolidacion motora que el
grupo rVMA-EX. De forma parcial a cdmo habiamos propuesto en la hipdtesis, a pesar
de que ambos grupos de nifios (EX-rVMA y rVMA-EX) mostraron un rendimiento muy
similar al de los adultos durante los sets de retencidn, el grupo rVMA-EX de nifios
mostré un rendimiento inferior durante la RT1 para la variable RMSE. De este modo,
parece ser que, de forma similar a lo sucedido en el caso del estudio 2 de la tesis, los
mejores beneficios fueron obtenidos por parte de los nifos del grupo EX-rVMA. De la

misma forma que se expuso en el caso del estudio 2 de la tesis, creemos que este
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mayor efecto del ejercicio sobre la consolidacién motora cuando el ejercicio es
presentado antes de la adaptacidn podria deberse a la rapidez con la que suceden los
procesos de consolidacién de la memoria motora en los nifios (Dorfberger et al., 2007).
Debido a esta rapidez en la formacion de la memoria motora, la practica de ejercicio
intenso previa al inicio de la consolidacién podria derivar en una mejor disponibilidad
de las secreciones precursoras de la plasticidad neuronal (catecolaminas y BDNF)
desde el inicio del proceso de consolidacién. Aun asi, dada la escasez de evidencia en
torno al efecto del ejercicio sobre el aprendizaje motor en el caso de nifios, serian
necesarios mds estudios donde se analizase el efecto modulador del orden de
presentacion del ejercicio en relacion a la tarea motora con el objetivo de poder

corroborar el presente resultado.

7.5 Conclusiones de la comparativa entre los estudios 1 y 2 de la tesis

doctoral

La utilizacién de intervenciones idénticas de ejercicio intenso facilité los procesos de
consolidacién de la memoria motora de los nifios en mayor medida que los de los
adultos. Asi, la practica de ejercicio permitié que el rendimiento relativo de los nifios y
los adultos en las retenciones de la tarea rVMA fuese comparable, especialmente
cuando el ejercicio se presentd antes de la adaptacidon en la tarea motora. Estos
beneficios sobre el rendimiento en las retenciones de la tarea rVMA fueron relativos al
rendimiento basal de la tarea, donde los adultos mostraron una amplia ventaja sobre
los nifios dado un mayor nivel de desarrollo motor. Por el contrario, a pesar de los
efectos positivos observados sobre la consolidacién, la practica de ejercicio previa a la

adaptacidon no mostré ningun beneficio sobre este proceso.
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En resumen, parece ser que la practica de ejercicio intenso puede resultar una
estrategia eficaz para facilitar el aprendizaje motor de los ninos, acercando asi su

rendimiento motor al de los adultos.
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Capitulo 8: Discusion general, conclusiones,
recomendaciones practicas y lineas de futuro
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8.1 Discusion general

El objetivo general de la presente tesis doctoral fue el de evaluar los efectos de una
sesidn de ejercicio intenso (iE) sobre los procesos de adaptacion y consolidacion de la
tarea de Adaptacidn Visuomotora rotacional (rVMA), tanto en poblacién adulta como
en poblacion infantil. Ademds, también se quisieron analizar los posibles efectos del

orden de presentacion del iE y la rVMA y el efecto de la duracién del iE.

8.1.1 Efectos del iE sobre el aprendizaje de la tarea rVMA en adultos
En el primer estudio de la tesis se evalud el efecto del ejercicio sobre el aprendizaje

motor en adultos y el posible efecto del orden de presentacion en iE y la rVMA.

Efectos del ejercicio sobre el proceso de adaptacion

En adultos, no observamos una estimulacidn de los procesos de adaptacién a partir de
la realizacidon de ejercicio inmediatamente anterior a la practica inicial en la tarea
rVMA. De acuerdo con resultados previos (Roig et al., 2012), creemos que la ejecucién
de ejercicio intenso préximo a la practica en la tarea rVMA pudo haber interferido en
los posibles beneficios del ejercicio sobre la adaptacidon motora, a partir de la induccidn
de fatiga. Asi mismo, parece ser que existe una relacién dosis-efecto entre la
intensidad de ejercicio y los beneficios obtenidos en la capacidad cognitiva (McMorris
& Hale, 2012) y la estimulacion de los procesos de aprendizaje motor (Taubert et al.,
2015). De este modo, mientras que un ejercicio de intensidad moderada podria
facilitar la adaptacion motora (Snow et al.,, 2016; Statton et al., 2015), el ejercicio
intenso produciria mejores beneficios sobre los procesos de consolidacion (Mang et

al., 2014; Roig et al., 2012; Thomas, Johnsen, et al., 2016).
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Efectos del ejercicio sobre el proceso de consolidacion

De forma similar a los efectos positivos del ejercicio observados con anterioridad (Roig
et al., 2012), si bien el iE no produjo un beneficio sobre la adaptacién motora en los
adultos, si que facilitd el proceso de consolidacion de la tarea rVMA. Concretamente,
se observé una mejor consolidacién de la tarea motora a corto plazo (1 h desde la
adaptacion) tanto cuando el ejercicio fue presentado antes como después de la
adaptacion de la tarea. Esta mejora del proceso de consolidacién fue observada a
razéon de una mejor planificacion del movimiento a partir del modelo interno de la
habilidad, cuantificada en el caso de esta tesis doctoral por la variable del error
direccional inicial (IDE), de forma similar a como se ha hecho en estudios previos

(Contreras-Vidal et al., 2005).

Aun asi, en comparacion con otros estudios en los cuales se observaron beneficios a
medio (24 h) y largo plazo (7 dias) (Mang et al., 2014; Roig et al., 2012), los beneficios
observados en nuestro estudio fueron menores. Creemos que este efecto mas
reducido del iE sobre la consolidacién motora podria haberse debido a la interaccién
de tres factores que habrian actuado como moduladores de la relacidon entre el
ejercicio y el aprendizaje motor: (1) la menor intensidad del iE presentado en
comparacion con estudios previos (Mang et al., 2014; Roig et al., 2012); (2) el mayor
nivel de condicién fisica de los participantes adultos de nuestro estudio (Roig et al.,
2013); y (3) el hecho de que los estudios previos hayan utilizado tareas motoras mas
sencillas y que impliquen de forma exclusiva o parcial un paradigma de aprendizaje

diferente (aprendizaje de secuencias) (Mang et al., 2014; Roig et al., 2012).
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A pesar de que en esta tesis doctoral no han sido valorados, puesto que nuestro
estudio se ha limitado a la evaluacion de los cambios producidos en el
comportamiento motor, se han propuesto algunos mecanismos como posible enlace
entre la realizacion del ejercicio y estos beneficios observados en el aprendizaje.
Parece ser que estos beneficios observados en la consolidacion motora serian
causados por una facilitacion de la neuroplasticidad relacionada con el aprendizaje
motor (Taubert et al., 2015). El ejercicio, parece activar el sistema noradrenérgico y
promover la secrecién del factor neurotrdéfico derivado del cerebro (BDNF), los cuales
han sido relacionados con mejoras en el paso de la memoria declarativa (Segal et al.,
2012; Winter et al., 2007) y procedural (Skriver et al., 2014) de un estado fragil a su

almacenamiento en la memoria a largo plazo.

El incremento en la concentracién de BDNF parece tener un interés relevante dada su
asociacién con funciones relacionadas a los mecanismos de la potenciacion a largo
plazo (LTP) (Bekinschtein et al., 2008), vinculados a la consolidacién de la memoria. La
elevacidn periférica de los niveles de BDNF inducida por el ejercicio fue relacionada
por primera vez con un fortalecimiento de parametros del comportamiento motor por
Skriver et al. (2014). Estos autores observaron que los incrementos en la concentraciéon
periférica del BDNF estaban asociados con la retencion de una tarea visuomotora al
cabo de 1h y 7 dias desde su adaptacion. Ademas, también encontraron que la
secrecidon periférica de noradrenalina estaba asociada a una mejor adaptacién y
retencion a los 7 dias, mostrandose también una tendencia de correlacion en las

retenciones 1h y 24h (Skriver et al., 2014).
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A pesar de la falta de evidencia ya mencionada en el capitulo 1 de la tesis en relacion a
los nifios, creemos que los mecanismos citados como intermediarios de la relacidon
entre el ejercicio y aprendizaje podrian ser comunes, aunque serd necesario su estudio
para poder ratificar esta suposicion. Asi mismo, los estudios presentados para los
adultos deben ser interpretados con cautela, ya que las correlaciones observadas no
tienen por qué indicar una relacidon de causalidad. También hay que tener en cuenta
las dificultades para medir la concentracidn de estos componentes neuroquimicos a
nivel central en humanos. El hecho de que estos estudios hayan sido realizados
midiendo la concentracidon periférica de dichos componentes, limita mayores
especulaciones del papel real de estos mecanismos sobre la facilitacion de la
consolidacién motora a nivel central. Asi, haran falta mas estudios con el fin de
incrementar nuestro conocimiento y entendimiento de los mecanismos subyacentes a
la relacién entre el ejercicio fisico y las mejoras inducidas por este en el aprendizaje

motor.

Efectos del orden de presentacion del ejercicio vy la tarea motora

Por ultimo, en el caso de los adultos, no se observaron diferencias producidas por el
orden de presentacidon del iE y la rVMA. Este resultado contrasta con los obtenidos en
el estudio de Roig et al. (2012), donde los mejores resultados fueron mostrados por los
participantes que realizaron el ejercicio después de la adaptacidn en la tarea motora.
Creemos que esta situacién podria deberse al hecho de que los resultados del presente
estudio se hayan limitado a un efecto a corto plazo, en contraposicion a los
presentados por Roig et al. (2012), donde las diferencias entre grupos de ejercicio no

se observaron hasta al cabo de 7 dias.
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8.1.2 Efectos del iE sobre el aprendizaje de la tarea rVMA en niiios

En relacidn a los nifios, evaluamos el efecto del iE sobre el aprendizaje de la tarea
rVMA, el posible orden de presentacién del iE y la rVMA y también cémo podia afectar
la duracion del iE a la adaptaciéon y consolidacion de dicha tarea. También se
compararon los resultados de los estudios 1 (adultos) y 2 (nifios) con el objetivo de
observar como el ejercicio podia afectar al proceso de aprendizaje de los nifios en

comparacion a los efectos presentados por los adultos.

Efectos del ejercicio sobre el proceso de adaptacion

En los nifios, el iE no tuvo un efecto sobre el proceso de adaptacion de la tarea rVMA,
independientemente de la duracién del ejercicio (corto o largo). Dada esta situacion,
cuando se compararon los resultados de los estudios 1 y 2 (ver Capitulo 7 de la tesis),
se observd que las diferencias en el rendimiento de la tarea rVMA entre adultos y
ninos se mantenian durante el proceso de adaptacién, tanto si se habia realizado
ejercicio antes de la tarea rVMA como si no. Asi, creemos que de forma similar a la
evidencia existente en el caso de los adultos, podria existir una relacién dosis-efecto
entre los beneficios del ejercicio y los procesos del aprendizaje motor (Taubert et al.,
2015; Thomas, Johnsen, et al., 2016). De hecho, una relacién dosis-efecto similar ya ha
sido observada en el caso de los efectos del ejercicio sobre la funcidn cognitiva de
nifios (St-Louis-Deschénes & Ellemberg, 2011; Tomporowski, McCullick, Pendleton, et
al.,, 2015). Aun asi, hasta donde llega nuestro conocimiento, no existe aun ningln
estudio que haya evaluado los efectos del ejercicio moderado sobre el aprendizaje
motor en nifios, hecho que limita posibles especulaciones sobre esta relacidon dosis-

efecto de la intensidad del ejercicio.
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Efectos del ejercicio sobre el proceso de consolidacion

Igual que en el caso de los adultos, y de forma contraria a lo observado en relacién a la
adaptacidon motora, el efecto general del ejercicio sobre el proceso de consolidacion
motora parece ser positivo. Esta mejora de la consolidacion motora fue observada
tanto a partir de un mayor rendimiento en cuanto a la planificacién del movimiento
(IDE) como en la utilizaciéon de los mecanismos de feedback, evaluados a partir de la
variable de la raiz del promedio de los errores al cuadrado (RMSE), de forma similar a

lo propuesto en otros estudios (Contreras-Vidal et al., 2005).

Resultados similares han sido mostrados en un estudio reciente donde la realizacion
de ejercicio de intensidad elevada ha mostrado un efecto positivo sobre la
consolidacién motora en nifios (Lundbye-Jensen et al., 2017). Ademas, a partir de lo
observado en la comparacion realizada en el Capitulo 7 de la tesis, parece que los
ninos se habrian beneficiado en mayor medida de la practica de ejercicio que los
adultos. A partir de la practica de ejercicio, los nifos consiguieron igualar el
rendimiento relativo (al rendimiento basal en la tarea) de los adultos, situacién que no

se dio en ausencia de la practica de ejercicio.

Creemos que uno de los factores que podria haber determinado esta mejora de los
nifios en mayor proporcion que en los adultos es el elevado niumero de intentos de
practica durante la adaptacion que pudieron causar un techo en el rendimiento de los
adultos, quienes se adaptaron a la tarea con una ratio mucho mas elevada que los
nifos. El hecho de alcanzar este techo en el rendimiento durante la adaptacidn, podria
haber propiciado un menor efecto del ejercicio sobre la retencién de los adultos, sobre

todo teniendo en cuenta las diferencias entre nifios y adultos en cuanto a los procesos
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de aprendizaje. Mientras que los nifos parecen depender en mayor medida del
proceso de consolidacidon (aprendizaje offline), los adultos pueden fundamentar su

aprendizaje en el proceso de adaptacion (aprendizaje online) (Du et al., 2017).

Ademas de este factor, otra situacion que podria haber determinado la mayor mejora
de los nifilos en comparacién a los adultos seria el menor nivel de maduracién del
sistema nervioso central. Los niflos en comparacién con los adultos presentarian un
sistema nervioso menos maduro (Heinen et al., 1998; Lahr et al., 2000), lo cual se
podria relacionar con una mayor plasticidad neuronal por parte de los nifios (White et
al.,, 2013) y, consecuentemente, con una posible mayor predisposicién a los efectos

positivos del ejercicio.

Efectos del orden de presentacidn del ejercicio y la tarea motora

Este efecto positivo del ejercicio sobre los procesos de consolidacidn, podria estar
regulado por el orden de presentacion del ejercicio y la tarea de aprendizaje. En el
estudio 2 y el Capitulo 7 de la tesis, observamos que el efecto del ejercicio sobre los
procesos de consolidacion seria mayor cuando el ejercicio se ha realizado antes de la
practica de la tarea motora en nifios. Esta situacién contrasta con los resultados en
adultos presentados por Roig et al. (2012), donde los mejores beneficios sobre la
consolidacién fueron observados cuando el ejercicio se ejecutd después de la practica
de la tarea. Creemos que esta situacidn podria deberse principalmente a las
diferencias mostradas entre adultos y nifios en las dindmicas de consolidacién de los
aprendizajes motores, ocurriendo el proceso de consolidacion de los niflos mas rapido
que el de los adultos (Dorfberger et al., 2007). De esta manera, podria considerarse

que la realizacidn de ejercicio previo a la practica de la habilidad motora beneficiase en
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mayor medida el rdpido proceso de consolidacién observado en los ninos, mientras
gue la consolidacion mas lenta de los adultos se beneficiaria de la practica de ejercicio
después de la adaptacion en la tarea motora. Esta situacién podria ayudar a explicar,
en parte, el motivo por el cual, en el estudio de Lundbye-lensen et al. (2017), la
practica de ejercicio después de la tarea motora solo mostré beneficios en la retencién

a largo plazo.

Efectos de la duracién del ejercicio

En relacién a la duracién de la sesion de ejercicio, si bien los mejores resultados (mayor
efecto y longevidad de los beneficios) fueron observados a partir del iE largo, el iE
corto también tuvo un impacto positivo sobre la consolidacion motora. Mientras que
en el caso del iE largo los beneficios fueron observados tanto en la planificacion del
movimiento como en la utilizacion de los mecanismos de feedback para todos los sets
de retencién, los efectos del iE corto se limitaron a la planificacion del movimiento

durante la retencién a medio plazo (RT24h).

Aunque se han observado efectos positivos sobre el aprendizaje declarativo a partir de
intervenciones de ejercicio cortas (Etnier et al.,, 2014), los resultados del estudio 3,
hasta donde sabemos, constituyen la primera evidencia del efecto positivo de una
intervencion de ejercicio corta (solo 5 min) sobre la consolidacion de los aprendizajes
motores. Este hallazgo es de destacada importancia ya que, la posibilidad de estimular
el aprendizaje motor a partir de una intervencién corta de ejercicio abre una nueva
ventana de opciones para la aplicacidon de este tipo de intervenciones en entornos

donde, normalmente, existen restricciones de tiempo para poder aplicar un ejercicio
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de mayor duracion (p. e]j. dentro del entorno de la escuela o el entorno del aprendizaje

deportivo de base).

8.2 Conclusiones y recomendaciones practicas

8.2.1 Conclusiones

En resumen, el ejercicio intenso facilitd los procesos de consolidacidn de la tarea rVMA
tanto en adultos como en nifios. En nifios, los beneficios observados sobre la
consolidacién motora fueron de mayor importancia que los observados en adultos. Asi
mismo, en el caso de los nifios, incluso cuando la duracion del ejercicio se restringio a
Unicamente 5 min de duracidon se mostré un efecto positivo sobre la consolidacion de
la habilidad. En relacién a estos beneficios, si bien en adultos no se observd una
influencia del orden de presentacidon del ejercicio y la tarea motora, en nifios los
mejores efectos sobre la consolidacién fueron observados cuando el ejercicio se
realiz6 de manera previa a la practica de la tarea motora. A pesar de los beneficios
hallados sobre el proceso de consolidacidn, la adaptacién a la tarea motora no se
beneficid de la prdactica de ejercicio, por lo que se afiade asi evidencia a la posible
relacion dosis-efecto de la intensidad del ejercicio y sus efectos sobre el aprendizaje

motor.

8.2.2 Recomendaciones practicas

A partir de los resultados de los estudios presentados en esta tesis doctoral, creemos
que la practica de ejercicio agudo puede constituir una herramienta util para favorecer
el aprendizaje motor de los nifios. Ademads, dada la corta duracidn del ejercicio
necesaria para poder obtener estos beneficios, creemos que el ejercicio puede ser

utilizado de forma eficiente en el entorno escolar y el entorno deportivo, donde
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habitualmente existen restricciones de tiempo para poder aplicar este tipo de

intervenciones.

Aun asi, con tal de garantizar la obtencién de los mejores beneficios posibles, creemos
necesario realizar una serie de recomendaciones a la hora de utilizar el ejercicio con el
fin de optimizar los procesos de aprendizaje motor de los nifios. En primer lugar, estas
intervenciones con ejercicio deberian ser aplicadas, preferentemente, antes de la
practica en la tarea motora, ya que hemos observados que bajo esta situacion se
obtienen mejores beneficios que cuando el ejercicio es realizado después. En segundo
lugar, la intensidad del ejercicio deberia ser elevada dado que los beneficios sobre el
proceso de consolidacion de los aprendizajes parecen depender de este parametro del
ejercicio. Por ultimo, vistos los resultados obtenidos en relaciéon a la duracién del
ejercicio creemos que, si bien el ejercicio de corta duracion seria suficiente para
estimular la consolidacién motora, una intervencion mas larga produciria mayores
beneficios y seria especialmente indicada si se prevé que la habilidad objetivo del

aprendizjae no se volvera a practicar en un periodo mayor a 24 h.

8.3 Futuras lineas de investigacion

A pesar de las evidencias aportadas en los estudios realizados en la presente tesis,
siguen existiendo muchas incégnitas en relacién a los efectos del ejercicio sobre el
aprendizaje motor tanto de adultos como, especialmente, en nifios. Puede que uno de
los aspectos pendientes mas relevantes sea el de definir los mecanismos responsables
de los efectos del ejercicio sobre la capacidad de aprendizaje motor. Existen evidencias
en adultos donde se han relacionado la practica de ejercicio intenso con un

incremento en la secrecién periférica de catecolaminas y neurotroéficos que, a su vez,
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parecen relacionarse con la mejora en la consolidacion motora (Mang et al., 2014;
Skriver et al., 2014). Aun asi, las dificultades para poder medir la concentracion de
estos compuestos a nivel central limitan la interpretacién de los resultados de estos
estudios. Asi mismo, si bien existe evidencia de que a partir de la practica de ejercicio
se produce un incremento en la secrecién periférica de catecolaminas en los nifios,
estos incrementos no han sido relacionados con su capacidad de aprendizaje. De este
modo, creemos que ahondar en el estudio de estos mecanismos, especialmente en

ninos, deberia ser una de las lineas de investigacion futuras a tener presentes.

Otra posible linea de investigacidn podria girar en torno a la aplicaciéon de los
resultados de los presentes estudios en poblacion con algin tipo de afeccion
relacionada con el control y el aprendizaje motor. Creemos que la estimulacidon del
aprendizaje motor a partir del ejercicio fisico podria beneficiar, incluso en mayor
medida que a la poblacidn sana, a este nuevo colectivo. De hecho existen ya algunos
precedentes relacionados con la enfermedad de Parkinson, donde se ha observado
gue a partir de la practica de ejercicio fisico se puede estimular el aprendizaje motor y
los mecanismos que se creen responsables de la relacién entre el ejercicio y el
aprendizaje (Duchesne et al., 2015; Petzinger et al., 2013). Asi mismo, también existen
ciertos colectivos infantiles que podrian beneficiarse de la relacidn entre el ejercicio y
el aprendizaje motor. Uno de estos colectivos podria ser el de los nifios que padecen el
Trastorno del desarrollo de la coordinaciéon (Developmental Coordination Disorder,
DCD). Este colectivo muestra afectaciones muy diversas, pero algunas de las mas
frecuentes estdn relacionadas con el dominio sensorial, el motor y la integracién de la
informacién sensorial y motora (Visser, 2003). A partir de estas problematicas, se ha

observado en esta poblacién una capacidad de adaptacién y consolidacion de los
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aprendizajes motores reducida en comparacién con nifios de la misma edad con un
desarrollo motor tipico (Kagerer, Contreras-Vidal, Bo, & Clark, 2006). Dadas las
dificultades para la ejecucién y aprendizaje de tareas motoras en las dos poblaciones
citadas (Parkinson y DCD), creemos que el estudio de posibles formas de estimulacién
de su aprendizaje motor (p. ej. a través del ejercicio) podria tener un impacto

importante en el bienestar de estos individuos.

Por ultimo, creemos que también seria importante prestar atencién al estudio de los
factores que parecen modular el efecto del ejercicio sobre la capacidad de aprendizaje.
Si bien en adultos existe evidencia de que, por ejemplo, la intensidad del ejercicio
presenta una relacién dosis-efecto (Taubert et al., 2015; Thomas, Johnsen, et al.,
2016), en el caso de los nifos aun no se ha realizado ningun estudio donde se evalue el
efecto de intervenciones de diferente intensidad o se analicen los efectos del ejercicio
de intensidad moderada sobre el aprendizaje motor. Tal y como se sugirido en el
estudio 1, otros factores que podrian tener un impacto sobre el binomio ejercicio-
aprendizaje motor podrian ser el nivel de rendimiento cardiovascular de los
participantes y las caracteristicas de la tarea. Especialmente en el caso de este ultimo
factor, creemos que seria necesario estudiar los efectos del ejercicio sobre una
habilidad motora aplicada a una situacién de la vida cuotidiana o deportiva,
permitiendo esta nueva linea de investigacidn generalizar los beneficios del ejercicio a

nuevas situaciones de aprendizaje motor.
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Abstract

We assessed the effect of a single bout of intense exercise on the adaptation and consolida-
tion of a rotational visuomotor task, together with the effect of the order of exercise presenta-
tion relative to the learning task. Healthy adult participants (n = 29) were randomly allocated
to one of three experimental groups: (1) exercise before task practice, (2) exercise after task
practice, and (3) task practice only. After familiarization with the learning task, participants
undertook a baseline practice set. Then, four 60° clockwise rotational sets were performed,
comprising an adaptation set and three retention sets at 1 h, 24 h, and 7 days after the adap-
tation set. Depending on the experimental group, exercise was presented before or after the
adaptation sets. We found that error reduction during adaptation was similar regardless of
when exercise was presented. During retention, significant error reduction was found in the
retention set at 1 h for both exercise groups, but this enhancement was not present during
subsequent retention sets, with no differences present between exercise groups. We con-
clude that an acute bout of intense exercise could positively affect retention, although the
order in which exercise is presented does not appear to influence its benefits during the
early stages of consolidation.

Introduction

Humans learn and relearn numerous skills throughout their lives. Learning, along with brain
function, is known to be influenced by many factors, including engagement in physical activity
and a healthy lifestyle [1]. Physical activity, in particular, has been shown to have a positive
impact on brain function and cognition [2], with supportive evidence coming from both animal
and human studies [1,3-9]. In a recent review, aerobic exercise training programs were shown
to improve attention and processing speed, executive function, and memory [10]. However,
these benefits seem to depend on characteristics of the exercise, including its mode, intensity,
and duration [11]. More specifically, the benefits of exercise are aroused not only by training
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programs but also by acute bouts of exercise [8]. The evidence suggests that an acute bout of
exercise can selectively improve various cognitive processes and enhance memory [11-14].

Despite the growing knowledge base concerning how exercise influences cognitive func-
tion, research is scarce regarding how exercise affects specific types of memory. Long-term
memory formation requires a two-step process: first, the acquisition (adaptation) of sensory
information that will be stored as short-term (working) memory (lasting from seconds to 1-2
minutes) [15]; and second, the consolidation of such memory so it becomes more stable and
resistant to perturbation [16,17]. Long-term memory can be split into declarative and non-
declarative memory, with the latter being more relevant to learning motor skills [18]. To our
knowledge, the following articles have explored the effects of an acute exercise intervention on
adaptation and retention of this concrete type of memory. Typically, motor memory consoli-
dation is assessed via retention tests and therefore both terms are used interchangeably in the
literature [19].

Statton et al. [20] showed how a moderate-intensity running bout enhanced motor adapta-
tion on the sequential visual isometric pinch task. However, adaptation enhancement did not
lead to better retention of the motor skill. Roig et al. [21] studied how an intense acute bout of
exercise (cycling) could improve motor adaptation and consolidation of a manual tracking
task. Although it did not improve adaptation, exercise had a positive effect on mid-term (24 h)
and long-term (7 days) skill retention. Moreover, they found that the presentation order of the
exercise in relation to the learning task affected the outcome, with participants who exercised
immediately after a learning task showing superior long-term skill retention compared with
participants who exercised immediately before. Preceded by Roig’s study, Mang et al. [22]
observed that a single bout of intense cycling presented before a sequence-specific motor
learning task (continuous tracking) enhanced adaptation and mid-term retention (24 h).
Additionally, in a posterior study, the same authors observed that an equal exercise bout
improved relearning of a discrete motor sequence task 24 h after adaptation [23]. Overall,
Mang’s results suggest that intense exercise could strengthen the adaptation and retention of
the motor skill.

The previously cited studies utilized tasks that required some form of motor adaptation
while also including [20,22] or not [21] learning of an implicit sequence. Unfortunately, Roig’s
and Mang’s studies used similar learning paradigms which limits their generalizability to other
procedural learning situations. Moreover, when including the research of Statton et al. (2015),
the motor tasks in these studies only required pinch, wrist, or thumb movements in a single
direction (e.g. left-right). More complex motor learning paradigms, involving multi-joint and
multi-plane movements, are needed to expand our understanding of how exercise can affect the
learning process of other gross motor skills. Also, it is unclear how exercise characteristics mod-
erate the exercise effects on adaptation and retention of motor skills. Consequently, a different
exercise protocol and learning task is necessary to clarify the extent of exercise-induced benefits
on cognitive processes and memory. Lastly, because of the limited evidence regarding the effect
of the exercise presentation order in relation to the learning task [21], further research is needed
to clarify what presentation order is best to enhance motor learning.

Here, we investigated the effect of running as an acute intense exercise (iE) on the adapta-
tion and retention of a rotational visuomotor adaptation task (rVMA). In addition, we exam-
ined the effect of the presentation order of the iE in relation to the rVMA task on retention.
We hypothesized that (1) iE would improve the learning rate when presented immediately
before the adaptation process of the rVMA task; and (2) iE would improve the rVMA retention
process in the short- (1 h), mid- (24 h) or long- (7 days) term. Additionally, we also aimed to
explore the effect of the presentation order of the iE and the rVMA task to observe if presenta-
tion order may lead to differences on long-term retention.
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Table 1. Group characteristics.

n
Sex (male/female)

Age (years)

Height (cm)

Body mass (kg)

BMI (kg/m2)

TONI-2-1Q

Estimated VO,max (ml/kg/min)
20mSRT HR (bpm)

iE estimated 85% VO.max HR (bpm)
iE_estimated 60% VO,max HR (bpm)

Materials and methods
Participants

In total, 29 adults participated in this study, of whom 21 were males and 8 were females (7
male participants in each group); their mean age, height, and body mass was 21.2 + 1.9 years,
169 + 10 cm, and 64.0 * 80.8 kg, respectively (see Table 1 for participants” background charac-
teristics). Participants had no prior experience with the proposed learning task (i.e., the
rVMA). The exclusion criteria for participation were selected in part to ensure compliance
with the exercise protocol and the learning task: left-handedness; low engagement in physical
activity; a body mass index above 30 kg/m?; below-average intelligence; a self-reported history
of neurological, psychiatric, or physical impairment; uncorrected vision worse than 20/20; cur-
rent medication or recreational drug use that may affect the nervous system or the ability to
learn; and smoking. Participants were randomly assigned to one of three groups based on the
relationship between the rVMA task and iE: (1) rVMA after exercise (EX-rVMA); (2) rVMA
before the exercise (rVMA-EX); and (3) rVMA only (CON). Randomization was checked to
ensure in age and fitness level among the three groups, as these factors have been reported to
affect how acute exercise alters cognitive performance [24].

The study was approved by the Clinical Research Ethical Committee of the Catalan Sport
Administration. All participants provided written consent before the study commenced.

The rVMA task

The rVMA was conducted in a quiet room. Participants were seated in front of a 19-inch com-
puter screen on which the task was presented. The screen was adjusted to eye level and sited at a
distance of 1 meter. Participants’ right arms were then rested over a height-adjustable flat sur-
face to maintain 90° elbow flexion and a comfortable shoulder position. Participants were asked
to grasp a non-isometric joystick with their right hand to control a green dot measuring 1 x 1
cm. They were instructed to use a claw-like grip, and to maintain this across all trials (see Fig 1
for a detailed overview of the rVMA setup). An NI USB-6008 card (National Instruments)

EX_rVMA rVMA_EX CON

10 10 9

7/3 7/3 7/2
20.9+1.8 20.5+1.8 22117
172.0+12.8 168.7 £9.1 168.8+7.9
64.7+11.1 63.8+9.5 63.4+5.6
21.7+1.4 22.3+1.8 22.3+2.1
121.4+6.8 121.3+6.4 125.6 6.4
56.9 + 3.6 55.2+5.5 52.3+8.1
186.1 £9.3 188.1 £10.4 186.2+9.7
182.9+11.4 185.9+12.6 -
161.2+14.4 166.4+13.8 -

Abbreviations: BMI = Body mass index; CON = no-exercise group; EX-rVMA = rVMA after exercise group; rVMA = rotational visuomotor adaptation task;
rVMA-EX = rVMA before exercise group; TONI-2-1Q = Test of Nonverbal Intelligence version 2— Intellectual quotient; estimated VO,max = estimated
maximal oxygen uptake; 20mSRT = 20 meter Shuttle Run Test; HR = Heart Rate; iE = intense Exercise. HR during the 20mSRT was calculated as the
mean+SD of the last completed minute. HR during the iE was calculated as mean+SD during the last 30 seconds of each estimated 85% or 60% VO,max

intensity interval.

https://doi.org/10.1371/journal.pone.0175296.t001
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Fig 1. The rotational visuomotor adaptation task (rVMA). lllustration of the setup for the rotational visuomotor adaptation task (rVMA).

https://doi.org/10.1371/journal.pone.0175296.9001

registered the x, y cartesian coordinates and their corresponding time-points of the joystick
movements at a frequency of 120 Hz. Targets randomly appeared every 2 s as red dots (1 x 1
cm) in eight different locations (45°, 90°, 135°, 180°, 225°, 270°, 315", and 360°, in reference to
the vertical midline) at a radius of 13 cm from the center. Each target remained visible for 750
ms. Participants were instructed to start from the center and were encouraged to move the
green dot over the target (red dot) and back to the center as fast and as straight as possible in a
single movement.

The iE bout

The acute bout of iE consisted of a 13- min 20-m shuttle run combining a fast and slow speed
based on a percentage of the estimated VO,max (see Procedure): the fast speed corresponded
to 85% of the estimated VO,max, and the slow speed corresponded to 60% of the estimated
VO,max. The iE proceeded as follows: 3 min fast + 2 min slow + 3 min fast + 2 min slow + 3
min fast. Exercise protocols of similar intensity have been previously used [21,22] and high
intensity interval exercise has recently found to enhance motor learning [25]. Before starting
the iE, a 3-min warm-up session was completed (a 2-min slow run and 1-min fast run) to
familiarize participants with the iE speeds. A 5-min rest and free stretch period was also per-
mitted before starting the iE. In the case of participants in the EX-rVMA and the rFVMA-EX
groups, the transition time between the iE and the rVMA was 4 min. We also recorded the
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participants’ beat-by-beat values for the intervals between electrocardiogram R waves (RR
intervals) during the exercise using a Polar RS800CX (Polar Electro) at a frequency of 1 KHz
to monitor the exercise intensity. Calculated mean and SD for the heart rate (HR) values of the
last 30 seconds of each speed interval are presented in Table 1.

Procedure

Four sessions were conducted for each participant (Fig 2).

In session 2, after the rVMA task baseline sets, participants were divided into three groups
based on the order of rVMA presentation and whether iE was used. Abbreviations: CON = no-
exercise group; EX-rVMA = rVMA after exercise group; iE = intense exercise: IDE = initial
directional error; RL = Rate of learning; RMSE = root mean squared error; r'VMA = rotational
visuomotor adaptation task; r'VMA-EX = rVMA before exercise group.

In the first session, we reviewed whether the participant met any of the exclusion criteria
and assessed their fitness level. Participants were asked to answer a self-report questionnaire
related to the exclusion criteria, which included the Physical Activity Readiness Questionnaire

SESSION 1

Questionnaire answering

Anthropometry

20 meter shuttle run test

Test of non-verbal intelligence

SESSION 2

rVMA familiarization set
(20 trials 0°)

rVMA baseline set

(104 trials 0°)
EX-VMA || rvMA-EX || CON |
AE rVMA ada.ptation set
(312 trials 60°) || rvMA adaptation set
rVMA adaptation set . (312 trials 60°)
(312 trials 60°) IAE

rVMA retention set after 1 h
(104 trials 60°)

SESSION 3 and 4

rVMA retention set after 24 h
(104 trials 60°)

rVMA retention set after 7 days
(104 trials 60°)

Fig 2. Schematic overview of the experimental procedure.

https://doi.org/10.1371/journal.pone.0175296.g002
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Early Adaptation Late Adaptation

2z

)

Fig 3. Early and late rVMA cursor trajectories during the adaptation set. The first and last 32 trials of a random participant are shown in the figure. A
color has been assigned to each target and its corresponding trajectories to facilitate reading. Greater deviations from the target can be observed during the
early adaptation in comparison to the late adaptation. During the test, all targets were presented as red dots.

https://doi.org/10.1371/journal.pone.0175296.9003

e

(PAR-Q) to assess health status, and the International Physical Activity Questionnaire short
version (IPAQ) to assess engagement in physical activity. Basic anthropometry measures
(height and body mass) were taken. To assess fitness level (estimated VO,max), participants
did a 20-m shuttle run test (20mSRT) [26]. During the 20mSRT, beat-by-beat RR values were
recorded using a Polar RS800CX (Polar Electro) at a 1 KHz frequency. At the end of the first
session, participants undertook the Test of Nonverbal Intelligence version 2 (TONI-2) to assess
their intelligence level (TONI-2 Intelligence quotient, TONI-2-IQ). Between the first and the
second session, participants were allowed to rest for at least 48 h.

In the second session, all participants performed the rVMA task, but only the experimental
groups performed the exercise protocol. The session started with a familiarization set (20 tri-
als) of non-registered practice in the rVMA task without rotation (0°). When the familiariza-
tion set ended, the baseline set was done without rotation (0°; 104 trials). Next, participants
did an adaptation set (312 trials) in the rVMA task, with a clockwise rotation of 60° applied to
the cardinal coordinates of the cursor movement. Because of this rotation, movements of the
hand and joystick appeared on the screen with a clockwise deviation of 60°. An example of the
early and late trajectories of the cursor movement during the adaptation set is presented in Fig
3. At this point, the procedure was defined by the participant’s group. The exercise groups did
a 13-min iE session before (EX-rVMA group) or after (rVMA-EX group) the adaptation set.
Mirroring the rVMA-EX group, the CON group did the adaptation set immediately after the
baseline set, but without doing any exercise after completing the adaptation; only reading or
holding a conversation was allowed. At 1 hour after the adaptation set, all participants did a
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60° clockwise retention set (i.e., the RT1h; 104 trials). During this second session, participants
were not allowed to listen to music, do any supplementary exercise, or to sleep.

Sessions three and four were held 24 hours and 7 days after the second session to assess
mid- and long-term rVMA retentions, respectively. A 60° clockwise retention set (104 trials)
was done in each session (RT24h and RT7d, respectively).

Data reduction

Custom-made MATLAB R2014b programs (The MathWorks) were used to fit and reduce
data. Cartesian positions were low-pass filtered using an eighth-order dual-pass Butterworth
filter (cut-off frequency: 12 Hz). Only trials where the start was initially found within 20% of
the center-to-target distance were accepted. Movement onset was defined as the nearest point
to an outward movement equal to 10% of the center-to-target distance. The movement offset
was defined as the point where the speed decreased to 10% of the maximum speed. In addition,
we rejected trials in which the traveled distance did not reach 90% of the center-to-target dis-
tance. Overall, a total of 110 trials were rejected, which represents a 0.52% of the total executed
trials. There were no group differences in the number of trials used for further analyses (Krus-
kal-Wallis One-Way ANOVA, p = 0.478). Finally, all rVMA sets were divided into epochs of
eight trials each for analysis purposes.

Variables

As descriptive variables of movement, we calculated the movement time (MT, ms), the travel
distance (TD, cm), and the reaction time (RT, ms), which was defined as the time between tar-
get appearance and movement onset. The following movement output error variables were cal-
culated, as presented in previous research [27]: absolute angular initial directional error (IDE,
degrees) and root mean squared error (RMSE, cm). IDE was calculated as the difference
between the ideal trajectory, defined by the vector between the center point to the target, and
the real trajectory, defined by the vector between the center point to the trajectory point at 80
ms after the movement onset. The 80 ms time point was selected to avoid possible corrections
guided by visual feedback. RMSE, as straightness measure of the entire movement was calcu-
lated, considering the real joystick trajectory and the ideal trajectory (characterized by a
straight line), as follows:

RMSE= > l(x, = %) + 01 = 0l

where (x;, y;) and (x,, y,) are the coordinates of the real and ideal trajectory, respectively, and
N is the number of points in the path.

As seen in other studies [28], we observed an initial rapid change in the error reduction rate
followed by a slower decline during the adaptation set. We found that these data were best fit-
ted by a double-exponential decay function of the form:

y:a*eb*x_c*ed*x

where y is the error, x is the epoch number and a, b, ¢, and d are parameters.

To capture the initial rate of learning (RL), we computed the first derivative of the first half
of the function and evaluated it at epoch 1, similarly to the method described by Coats et al.
[29], for both IDE (RL-IDE) and RMSE (RL-RMSE). All individual correlations were visually
inspected for a plateau suggesting that learning was achieved and all correlation values were
above 0.8 (RL-IDE r = 0.81-0.98; RL-RMSE r = 0.87-0.99).
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Data analysis

The assumption of normality was explored with the Shapiro-Wilk test for all variables. As
appropriate, variables were transformed or subject to alternative non-parametric tests when
the assumption of normality failed. Similarities in age and fitness level (estimated VO,max)
among groups were explored by one-way analysis of variance (ANOVA). To ensure that the
rVMA baseline performance was similar across the three groups, we compared the mean value
for each variable (MT, TD, RT, IDE, and RMSE) using ANOVA. The statistical significance
was set at p < 0.05 for all comparisons.

To address the first hypothesis, Student’s ¢-tests were conducted to analyze the effect of the
iE on the average performance of the motor skill adaptation (MT, TD, RT, IDE, and RMSE),
comparing those participants who exercised before the rVMA task (i.e. EX-rVMA group
[exercise cohort]) to those who did not (i.e. 'VMA-EX + CON groups [no-exercise cohort]).
When unequal variances were found, Welch’s t test correction was used. We also evaluated the
differences between the exercise and the no-exercise cohorts in the rate of learning of the
motor skill (i.e., the RL-IDE and RL-RMSE) by using the Mann-Whitney U test. In addition,
to examine the relation between the degree of learning at 1 h and the adaptation set of both
error variables (IDE and RMSE), we used the Pearson correlation coefficient between the end
of the adaptation (average of last 4 epochs, 32 trials) and the start of the RT1h (average of first
4 epochs, 32 trials).

Regarding the second hypotheses and the aim to explore the effect of the presentation order
of exercise and the learning task, averages were calculated for each variable (MT, TD, RT, IDE,
and RMSE) and each rVMA retention set. Differences in the averaged retentions of the motor
skill were analyzed by two-way (group x set) repeated-measures ANOVA, with Greenhouse-
Geisser sphericity-corrected values reported when appropriate. Where a significant difference
occurred, Bonferroni post hoc analyses were performed.

Finally, the effect sizes for the different tests were calculated according to Cohen’s criteria
[30]: d was used for t-tests (0.2, 0.5, and 0.8 for small, medium and large effects, respectively); r
for the Mann-Whitney U test (0.1, 0.3, and 0.5 for small, medium and large effects, respec-
tively); and n’p for ANOVAs (0.01, 0.06, and 0.14 for small, medium, and large effects
respectively).

Results

Age and fitness level (assessed by the estimated maximal oxygen uptake [VO,max]) along with
descriptive and error variables for the r'VMA during the baseline set were explored to ensure that
there were no baseline differences among groups. Age (F,, 26) = 2.120; p = 0.140; n°p = 0.140)
and estimated VO,max (F, 26) = 1.433; p = 0.257; nzp = 0.099) parameters revealed no group dif-
ferences (see Table 1 for means and standard deviation [SD]). Baseline set analysis showed similar
rVMA descriptive values among the groups for MT (5, 56) = 0.098; p = 0.907; W’p = 0.007), TD
(Fez, 26) = 0.320; p = 0.729; W°p = 0.059), and RT (F(3, 2) = 1.677; p = 0.207; ’°p = 0.114). In addi-
tion, there were no group differences for the error variables, neither for the IDE (F,, 56, = 00.820;
p=0451; nzp =0.059) nor for the RMSE (F, 6, = 0.253; p = 0.778; nzp =0.019) (see Table 2 for
means and SD). These results suggested that the randomization procedure was effective in bal-
ancing the groups, and that the movement performances were comparable across the three
groups in the baseline set of the rVMA task.

In the adaptation set we evaluated the impact of iE on the averaged descriptive and error
variables, and on the initial error reduction on RL (Table 2). The t-tests showed similar results
between those who exercised before the rVMA (exercise cohort) and those who did not (no-
exercise cohort) for MT (t(27) = -0.579; p = 0.568; d = 0.199), TD (t(27) = -0.695; p = 0.493;
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Table 2. Mean and SD performance values on the rotational visuomotor adaptation task (rVMA) for each group and set.

EX-rVMA rVMA-EX CON
Baseline
MT (ms) 144.49+17.6 143.04 + 36.0 149.19+37.5
TD (cm) 7.42+0.3 7.49+0.4 7.56£0.4
RT (ms) 346.50 £ 24.2 329.74£17.8 340.37£19.3
IDE (deg) 5.08+1.0 5.79+1.9 5.30+£0.5
RMSE (cm) 0.79+0.0 0.81+0.0 0.80+0.1
Adaptation
MT (ms) 154.63+ 16.6 155.20 £ 37.8 172.01+49.8
TD (cm) 7.43+0.3 7.52+0.4 7.53+0.4
RT (ms) 343.64+37.5 348.97 +18.9 350.25 + 30.3
IDE (deg) 16.07+3.0 14.89+3.0 18.42+ 3.1
RL-IDE -11.66+6.1 -12.40+8.3 -11.02+7.9
RMSE (cm) 1.55+0.2 1.45+0.2 1.68+0.3
RL-RMSE -0.99+0.6 -0.99+0.8 -5.47 £13.0
Retention 1h
MT (ms) 148.02 £ 18.2 139.07 £25.9 161.71 £48.1
TD (cm) 7.37+0.3 7.45+0.4 7.53+0.9
RT (ms) 350.99 + 33.7 344.03£24.1 346.66 £ 35.4
IDE (deg) 9.70+1.4 9.43+2.2 12.53+2.3
RMSE (cm) 1.08+0.1 1.08+0.2 1.24+0.3
Retention 24h
MT (ms) 148.13+16.3 136.41+28.9 153.58 +43.5
TD (cm) 7.60+0.3 7.92+0.4 7.81+0.6
RT (ms) 341.62+29.5 336.62 +24.3 335.11£28.3
IDE (deg) 11.66+2.3 11.92+2.2 12.39+2.2
RMSE (cm) 1.27+0.1 1.31+0.2 1.31+0.3
Retention 7 days
MT (ms) 143.46 £ 23.1 138.96 £29.8 148.73+41.3
TD (cm) 7.68+0.4 7.85+0.4 7.61+0.4
RT (ms) 338.62 £ 29.2 334.70+23.3 331.26 £26.4
IDE (deg) 10.83+2.0 11.56+2.6 11.12+2.3
RMSE (cm) 1.20+0.1 1.28+0.2 1.20+£0.2

EX-rVMA = rVMA after exercise group; 'VMA—EX = rVMA before exercise group; CON = no-exercise group; MT = movement time; TD = travel distance;
RT = reaction time; IDE = initial directional error; RMSE = root mean squared error; RL = rate of learning.

https://doi.org/10.1371/journal.pone.0175296.1002

d =0.283), and RT (t(o7) = -0.631; p = 0.533; d = 0.229). Means and SDs for the no-exercise
cohort were: 163.16 * 43.49 ms for MT, 7.53 + 0.39 cm for TD, and 349.57 + 24.24 ms for RT
(see EX-rVMA group values in Table 2). Comparison of the averaged errors also revealed sim-
ilar performance between cohorts for the IDE (t(7) = -0.385; p = 0.703; d = 0.154) and the
RMSE (t(,7) = -0.102; p = 0.919; d = 0.043) with means in the no-exercise cohort of 16.56° +
3.45° and 1.56 + 0.29 cm for IDE and RMSE respectively. Similarly, the Mann-Whitney U test
showed comparable cohort results regarding the rate of learning for RL-IDE (exercise cohort
median = -12.26°; no-exercise cohort median = -10.83°; U = 88; p = 0.748; r = 0.05) and
RL-RMSE (exercise cohort median = -0.92 cm, no-exercise cohort median = -0.78 cm; U = 82;
p=0.551;7=0.11) (Fig 4). These data mean that all participants adapted at a similar rate. Fur-
thermore, taking together, all participants showed that performance at the end of the
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Fig 4. Comparison of the RL for the rVMA during the adaptation set between participants who did and
did not perform exercise before the rVMA. RL was calculated for the error variables IDE and RMSE and
expressed by mean and SD. Abbreviations: IDE = initial directional error; RL = Rate of learning; RMSE = root
mean squared error; 'VMA = rotational visuomotor adaptation task.
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adaptation was significantly and positively correlated with the beginning of the RT1h (IDE
r=0.46, p = 0.012; RMSE r = 0.578, p = 0.001) (Fig 5). These results revealed that the exercise
had no significant effects on the movement approach, the error values, or the error decrease
rate during the adaptation set.
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Fig 5. Correlation between error performance at the end of the adaptation and the start of the RT1h of the rVMA. IDE
and RMSE mean errors were calculated at the end of the adaptation set (last 32 trials, 4 epochs) and at the start of the RT1h
(first 32 trials, 4 epochs). Performance at the end of the adaptation and the start of RT1h were significantly correlated for both
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error variables: IDE and RMSE. Abbreviations: RT1h = retention set at 1h from adaptation set; IDE = initial directional error;
RMSE = root mean squared error; r'VMA = rotational visuomotor adaptation task.

https://doi.org/10.1371/journal.pone.0175296.9005

Repeated-measures ANOVA was used to assess differences among groups during the reten-
tion sets (short-term = 1 h [RT1h]; mid-term = 24 h [RT24h]; and long-term = 7 d [RT7d]) of
the rVMA task (Table 2 and Fig 6). There were no significant differences in the interaction
between groups and sets regarding MT (F4, 55y = 2.107; p = 0.093; n°p = 0.139), TD (F(4, 5) =
1.161; p = 0.338; °p = 0.082), and RT (F 4, 52 = 0.192; p = 0.942; 1°p = 0.015). By contrast, sig-
nificant group X set interactions were found, with a large effect size, for both IDE (F(4, 5,y =
30.946; p = 0.007; 1°p = 0.233) and RMSE (F(4, 55 = 3.685; p = 0.010; n°p = 0.221). Post hoc
analysis only depicted a significant difference for the IDE at RT1h, with both exercise groups
(EX-rVMA: p = 0.014; r'VMA-EX: p = 0.007) showing lower error values than the CON
group, indicating a positive effect of exercise on the RT1h. No significant differences were
found among the groups at RT24h and RT7d.

Discussion

In this experiment, we sought to assess the effect of a single bout of iE on the adaptation to,
and retention of, an rVMA task. We also investigated whether the order of task and exercise
presentation produced different retention results. Regarding the adaptation set, there were no
differences in the r'VMA between those who did and did not exercise before the task, as evalu-
ated by output movement error variables (RL-IDE and RL-RMSE), indicating that exercise did
not contribute to improving the RL. Likewise, the overall movement error performance (IDE
and RMSE) and descriptive (MT, TD and RT) parameters were not enhanced by the exercise
bout. Thus, these results did not support our hypothesis that exercise would have a positive
effect on motor adaptation when presented before motor tasks[20,22].

Timing between exercise and task presentation, the task characteristics (type of task and
complexity), and the exercise characteristics (type of exercise, duration, and intensity) are
some of the factors that have been seen to modulate this exercise-brain function relation
[11,31-33].It is possible that the exercise intensity used in the present study may havehindered
the possible beneficial effects of exercise for adaptation to the motor task after exercise. Similar
results have been obtained by Roig et al. [21], who showed that a bout of high-intensity exer-
cise before practicing a manual tracking task had no impact on adaptation. They proposed that
exercise could induce fatigue, thereby hampering the possible benefits of exercise during adap-
tation by decreasing the accuracy. Considering the similarities between the exercise used in
this and in Roig’s study [21], we speculate that fatigue, in addition to excessive arousal, may
have caused the observed results in the adaptation set of the rVMA task. However, Mang et al.
[22] found that, despite using a similar high-intensity exercise program to the one used by
Roig et al. [21], participants who exercised before the motor task adaptation had enhanced per-
formance. Despite this enhanced adaptation, exercise-induced benefits were only observed in
the temporal components of the motor task. In the present study, exercise did not boost motor
adaptation on any of the spatial or temporal task parameters, possibly because of the moderat-
ing effects of task characteristics over exercise-induced benefits [11]. Thus, further research is
necessary on the effects of high-intensity exercise on complex motor learning paradigms in
task adaptation.

Regarding retention, IDE values were improved during short-term retention (RT1h) in
both exercise groups. IDE is thought to reflect the planning of the movement direction, and
thus the state of the internal model of the skill [27]. Consequently, we suggest that the per-
formed bout of iE positively affected short-term consolidation and retrieval of the newly
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Fig 6. Error values among groups for the rVMA during the retention sets. Error values (mean and SD)
are shown for the rVMA during the retention sets (short, RT1h, mid, RT24h, and long-term retention, RT7d).
Significant differences between groups are represented by (*). Abbreviations: CON = no-exercise group; EX—
rVMA = rVMA after exercise group; IDE = initial directional error; RL = Rate of learning; RMSE = root mean
squared error; RT = reaction time (shown at 1 h =24 h = and 7 days); rVMA = rotational visuomotor adaptation
task; r'VMA-EX = rVMA before exercise group.
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formed internal model of the motor skill. Rotational visuomotor adaptation tasks, are known
to be dependent on cerebellar function [34]. It is known that acute intense exercise can impact
the excitability of cerebellar circuits and that these cerebellar circuits may contribute to the
exercise-induced increase in LTP-like plasticity in brain regions like premotor cortex [35].
However, more research is needed to improve our understanding of the mechanisms underly-
ing the observed exercise-related boost on memory.
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Although group differences were not confirmed, movement error expressed as the RMSE
produced similar results to the IDE. It must be noted that RMSE includes initial movement
planning and feedback-guided corrections during the path to the target. The fact that no differ-
ences were found among groups for the MT and TD at RT1h may indicate that quick and effi-
cient correction of the trajectory occurred through the use of feedback in the control group.
Despite participants in the exercise groups performing better at initial movement planning,
feedback-guided corrections in the control group allowed them to correct the initial trajectory
deviations to achieve comparable RMSE values to those of the exercise groups.

In contrast to the strengthening of the short-term retention (RT1h), exercise failed to main-
tain the observed benefits in the retention sets at 24 h (RT24h) and 7 days (RT7d) after adapta-
tion. The IDE and RMSE values were similar for the three groups, indicating that exercise did
not affect motor planning or feedback utilization at 24 h or 7 days after adaptation to the skill.
Based on previous research [13,21,22], we hypothesized that exercise would positively impact
the RT24h and RT7d results. Roig et al. [21] found that a single bout of high-intensity exercise
enhanced motor memory retention at 24 h and 7 days after adaptation. In a study by Mang
etal. [22], a similar exercise intervention enhanced mid-term retention of motor memory (24
h). It seems that, compared to previous research, we demonstrated the more acute and tran-
sient effect of exercise. Three factors could explain why exercise may not induce persistent
effects on memory formation: differences in the exercise bout characteristics (i.e., intensity
and/or exercise mode), the fitness level of the participants, and the characteristics of the learn-
ing task [33]. We will now examine each of these factors separately.

High-intensity exercise may have the potential to facilitate memory consolidation
[21,22,36]. However, as seen in previous research, exercise bouts of insufficient intensity (low
to moderate intensity) may not be sufficient to improve motor consolidation [20,37]. When
compared with studies that succeeded in finding 24 h and 7 day improvements in long-term
memory, the exercise intensity in the present study (estimated 85% VO,max) may have been
too low; for example, Mang et al. [22] used 90% of power output, which was similar to that uti-
lized by Roig et al. [21]. In addition to intensity, there is evidence that the mode of exercise
may influence its benefits. Recent reviews propose that cycling produces a greater effect on
cognitive performance [31] and long-term memory [14] than running. Accordingly, the run-
ning intervention used in the present study could have produced inferior results when com-
pared to those from similar studies that used cycling [21,22]. This hypothesis is somewhat
supported by the results of Statton et al. [20], who successfully enhanced motor adaptation
through moderate-intensity aerobic running, but failed to induce more long-term benefits in
motor retention. Hence the exercise bout used in this study may have been too intense to
improve adaptation, but insufficiently intense to enhance the retention at 24 h and 7 days,
with retention benefits limited to 1 h after adaptation.

The fitness level of the participants could also have affected the extent of the exercise-
induced improvements. Exercise has been reported to exert greater effects on long-term mem-
ory when participants have only average fitness levels [14]. Our sample seemed to have higher
fitness levels which could explain differences between our results and those from previous
studies. When comparing the fitness level of our exercise group (mean estimated VO,max:
56.06, range: 43.3-63.6 ml/kg/min) to that of Mang et al. [22] (mean VO,peak: 45.36, range:
30.4-63.4 ml/kg/min), it is plausible to consider that fitness level promoted mid-term reten-
tion in the study by Mang et al. [22], but promoted short-term retention in our study. How-
ever, when compared with the results presented by Roig et al. [21] (mean VO,peak: 53.35,
range: 44.1-64.1 ml/kg/min), who achieved enhanced mid- and long-term retention, the fit-
ness level was similar to that in the present study. Therefore, it remains unclear how fitness
level could moderate the exercise-induced improvements on motor learning. The fitness level
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homogeneity of our sample limited the possibility to further explore the potential modulating
effect of fitness level on the exercise-learning relationship. More research is necessary to
increase our knowledge in terms of the effects of exercise on the mechanisms associated with
learning improvement and the role of moderators (e.g., fitness level) in this relationship.

In addition to exercise characteristics and fitness level, task characteristics could also have
affected the study results. It is known that the effect of exercise on cognitive function [11,31] and
long-term memory formation [14] can be modulated by the paradigm of the cognitive or learning
task used. In the present study, improvements in short term retention, 1 h from motor adaptation,
were specifically observed for a rVMA task utilizing a 60° clockwise rotation. Previous research
using motor procedural tasks have been successful in finding exercise-induced benefits on mid-
and long-term memory at 24 h and 7 days after exposure [21,22]. However, to our knowledge,
this is the first study describing the effect of an exercise intervention on the learning of a complex
procedural motor skill that involved a multi-joint and multi-plane movement paradigm. The
complexity of the r'VMA task could have decreased the effect of exercise, limiting the anticipated
mid- and long-term benefits. Moreover, the previous studies by Mang et al. [22] and Roig et al.
[21] relied on tasks mainly focused on accuracy. By contrast, participants in our rVMA task were
instructed to “move the cursor over the target as fast and as straight as possible”, which required
not only accuracy but also speed of processing and execution. Research has differentiated the
effects of exercise in speed and accuracy components of cognitive and simple motor tasks, with
speed benefiting most from exercise [32]. Depending on the weight of the speed and accuracy
components, and based on the results of previous research [32], we propose that the speed-accu-
racy relationship could alter the effect of exercise on memory consolidation. Therefore, the speed
requirements in the execution of the r'VMA task may have affected participant’s long-term mem-
ory formation. In addition, despite involving some form of motor adaptation, the use of alterna-
tive learning paradigms (e.g. implicit sequence learning) in previous studies [22] could explain
different results compared to the present research possibly because of the implication of different
neural pathways [38], among other factors.

Finally, contrary to what previous research has defined [21], we observed no differences in
memory consolidation based on whether exercise was presented before or after the adaptation
set. We presume that the initial consolidation stages may equally benefit from exercise regard-
less of whether it is presented before or after adaptation. However, the null effect of exercise on
mid- and long-term retention hinders further speculation on how the order in which exercise
is presented may modulate longer delayed effects. More research is needed to confirm whether
the presentation order of the exercise relative to practice can trigger different mechanisms, as
proposed by Roig et al. [21].

Despite finding an enhanced rVMA retention at 1 h as a consequence of the exercise inter-
vention, our results may be affected by some limitations. It could be though that exercise
effects on motor consolidation could be influenced by relearning because of the high amount
of trials performed during the retention sets. However, IDE presented a similar trend of find-
ings during the first trials of the RT1h set, compared to the overall set performance (see graph
B in S1 Fig). Furthermore it seems that in comparison to other studies [21,22], the reduced
exercise intensity and the mode of exercise (i.e., running) might have compromised the exer-
cise-induced benefits on mid- and long-term retentions. Likewise, it is possible that the high
fitness level of participants in the present study could have altered the mid- and long-term
effects. Therefore, to confirm the mid- and long-term benefits seen in previous studies, there
would be a need to use a higher exercise intensity (90% of VO,max) and to include a popula-
tion with regular fitness levels. Furthermore, the lack of neurochemical assessments limits our
ability to comment on the mechanisms that may trigger the consolidation enhancement
induced by exercise. In future research, the collection of blood samples to examine changes in
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neurotransmitters and trophic factors concentrations may help clarify the mechanisms under-
lying the exercise-induced enhancement of memory consolidation.

Conclusions

In conclusion, a single bout of iE enhanced consolidation of an rVMA task, as expressed by
improved retention at 1 h after task adaptation. Moreover, the order in which the exercise and
the learned task were presented yielded similar benefits in retention at 1 h. However, we can-
not reject the possibility of a long-term effect of exercise and task presentation order, because
the exercise characteristics and fitness levels of the participants may have limited the benefits
on mid and long-term retentions. Contrary to our expectation, exercising before a task prac-
tice did not improve the learning rate of the motor skill, probably because the exercise intensity
was too high and there was a possibility of fatigue. Our results add evidence to the practical
uses of exercise in learning and memory, but indicate that further research is needed to
improve our understanding of how different exercise protocols affect procedural learning
tasks. Moreover, to explore the effect of acute exercise on learning in different populations,
future studies should aim to include participants with different fitness levels and ages.

Supporting information

S1 Fig. Exercise effects on motor adaptation and motor retention 1h. (A) IDE Performance
is presented at the start and at the end of the adaptation (average of first and last 32 trials,
respectively). IDE significantly decreased across all three groups as an effect of time, from start
to end of the adaptation set. (B) IDE at the start (average of first 32 trials) and overall average
IDE during the retention set at 1 hour (RT1h) are presented. Similar trends were observed
between the RT1h start and the RT1h overall, which could indicate that exercise effects may
begin from the start of RT1h. Additionally, performance level in all groups at the RT1h start
was only slightly higher compared to their performance during adaptation end, meaning that
some consolidation occurred during the 1 h rest period. Abbreviations: IDE = initial direc-
tional error; RT1h = Retention set at 1 hour; EX-rVMA = rVMA after exercise group;
rVMA-EX = rVMA before exercise group; CON = no-exercise group.
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