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adaptational and age-related aspects.”, elaborando los articulos Il y III de la presente Tesis
Doctoral. Este proyecto fue financiado por el Ministerio de Educacion y Ciencia del
Gobierno de Estonia (referencia IUT 20-58) y su investigador principal fue el Doctor Jaak
Jurimae.

Finalmente, el proyecto que incluye los articulos IV, V y VI del presente documento
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investigador principal fue asimismo el Doctor German Vicente Rodriguez.
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Research projects

The studies leading to the elaboration of the manuscripts and the present Thesis
have been carried out within the framework of three different research projects.

Article I is part of the project “Assessing FITness in PREschoolers (PREFIT)”, a
multi-centric project that evaluated the physical fitness of preschoolers in 10 different
Spanish cities. Within the Zaragoza cohort, an additional project was carried out:
“Evaluacion de la condicion fisica en preescolares y su utilidad como marcador de riesgo
de enfermedades actuales y futuras: obesidad y osteoporosis”. This project was also led by
German Vicente Rodriguez and was supported by the Universidad de Zaragoza (reference
JIUZ-2014-BIO-08).

During the course of his international research stays, the student had the opportunity
to collaborate in the project entitled “Physical performance and health: adaptational and
age-related aspects.” elaborating manuscripts Il and III of the present Thesis. The project
was funded by the Estonian Minstry of Education and Science (reference IUT 20-58) and
its principal investigator was Jaak Jurimé&e.

Lastly, the project including manuscripts IV, V and VI of this document is named
“Repercusion del entrenamiento y la practica de la natacién sobre el desarrollo
metabdlico y estructural del hueso en crecimiento. Beneficios de la incorporacion de
entrenamiento pliométrico o vibratorio.”, forming the acronym RENACIMIENTO. This
three-year national project was funded by the Ministerio de Ciencia e Innovacion (reference

DEP2011-29093). The principal investigator principal was German Vicente Rodriguez.
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ANCOVA Analisis de covarianza
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ANOVA Analisis de varianza
[Analysis of variance]
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[Area under the curve]

BMAD Densidad mineral 6sea aparente
[Bone mineral apparent density]

BMC Contenido mineral 6seo
[Bone mineral content]

BMD Densidad mineral 6sea
[Bone mineral density]
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[Body mass index]
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[Broadband ultrasound attenuation]

CON  Grupo control
[Control group]

CRF Condicion cardiorrespiratoria
[Cardiorespiratory fitness]

CTX Telopéptido carboxi-terminal del colageno tipo I
[Collagen type | carboxi-terminal telopeptide]

DXA Absorciometria de rayos X de energia dual
[Dual-energy X-ray absorptiometry]

FN Cuello femoral
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[Resistance to fracture in the X axis]
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[Procollagen type | amino-terminal propeptide]
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[Physical activity]

Tomografia axial computerizada periférica
[Peripheral quantitative computed tomography]

Fuerza de prension manual relativa
[Relative handgrip strength]

Caracteristicas receptor-operador
[Receiver-operator characteristics]

Salto de longitud a pies juntos
[Standing long jump]

Velocidad del sonido
[Speed of sound]

Paquete estadistico para las Ciencias Sociales
[Statistical Package for the Social Sciences]

Indice de tension-deformacion polar
[Polar stress-strain index]

Grupo de nadadores
[Swimming group]

Densidad mineral 6sea volumétrica
[Volumetric bone mineral density]

Grupo de entrenamiento vibratorio
[Vibration group]

Actividad fisica vigorosa
[Vigorous physical activity]

Cuerpo completo
[Whole body]

Vibracion de cuerpo completo
[Whole-body vibration]
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Resumen general

La prevencion temprana de la osteoporosis es uno de los grandes retos a los que se
enfrentan los sistemas sanitarios de los paises desarrollados. Una de las maneras de lograr
este objetivo consiste en alcanzar un pico de masa 6sea lo mas elevado posible en el inicio
de la edad adulta. Para ello, un correcto desarrollo 6seo durante la pubertad resulta decisivo,
puesto que es en este periodo cuando se forma la mayor parte de la masa 6sea que tendra
la persona.

La practica de actividad fisica de impacto es uno de los factores controlables que
mas influencia tienen sobre la obtencion de masa 6sea durante la adolescencia, por lo que
es vital comprender el mecanismo mediante el que se relacionan. Asimismo, siguiendo el
enfoque de la prevencion temprana de la osteoporosis, se deberia proponer un ejercicio
complementario a aquellos adolescentes que practiquen deportes que no generen impacto
como es la natacion.

Por lo tanto, el principal objetivo de la presente Tesis Doctoral es analizar el papel
de la actividad fisica en la mineralizacion 6sea durante las primeras etapas de la vida,
poniendo particular atencion en los adolescentes practicantes de natacion y en el
entrenamiento vibratorio de cuerpo completo.

Esta Tesis Doctoral incluye estudios pertenecientes a tres proyectos diferentes. En
el proyecto PREFIT se analizo la relacion existente entre la condicion fisica y parametros
estructurales del hueso en 139 nifios y nifias de preescolar. El segundo proyecto se centrd
en estudiar detalladamente y de manera objetiva los distintos patrones de practica de
actividad fisica en un grupo de 180 adolescentes sanos en etapas tempranas de la pubertad
y cémo estos patrones afectan su salud dsea. Por ltimo, en el proyecto RENACIMIENTO

se evaluaron los efectos de 6 meses de entrenamiento vibratorio de cuerpo completo en los
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marcadores de metabolismo 6seo mediante un ensayo aleatorizado en el que participaron

casi una centena de nadadores adolescentes.

1)

2)

3)

4)

Los principales resultados son los siguientes:

La condicion fisica ya determina la estructura 6sea en una edad tan temprana como la
preescolar.

La actividad fisica realizada durante el inicio de la pubertad debe ser de caracter
vigoroso y con una duracidon de al menos cinco minutos consecutivos para optimizar
su potencial osteogénico.

El protocolo de vibracion utilizado no consiguid incrementar el metabolismo 6seo en
nadadores adolescentes.

Se ha propuesto una metodologia para el cribado e identificacion de nadadores

susceptibles de presentar baja densidad mineral 6sea.
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General abstract

Early prevention of osteoporosis is one of the main challenges that healthcare
systems of developed countries face. One of the pathways to reach this goal relies on
obtaining the highest peak bone mass during early adulthood. A correct bone development
during puberty is critical for that purpose, given that most of the adult bone is formed during
this period.

Weight-bearing physical activity is one of the main controllable factors that affect
bone accretion during adolescence and therefore it is crucial to comprehend its mechanism.
Also, considering the approach of the early prevention of osteoporosis, additional training
alternatives should be offered to those adolescents engaged in non-weight-bearing sports
such as swimming.

Therefore, the main aim of the present Doctoral Thesis is to analyze the role of
physical activity and fitness on bone mineralization during the first stages of life, with a
particular focus on adolescent swimmers and whole-body vibration training.

This Doctoral Thesis features studies from three different research projects. On the
PREFIT project, the relationship between the physical fitness and bone structural
parameters of 139 preschool children was analyzed. A second project was aimed at the
objective assessment of physical activity participation patterns and their relationship with
bone health in 180 healthy early pubertal adolescents. Finally, within the
RENACIMIENTO project, the effects of a 6-month vibration training protocol on bone
turnover markers were tested in a randomized controlled trial with almost one hundred

adolescent swimmers.
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2)

3)

4)
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The main results found are the following:

Physical fitness already affects bone structure at the prescholar stage

Vigorous physical activity should be performed in bouts of at least 5 minutes during
early puberty to elicit an optimized osteogenic response.

Regarding the adolescent swimmers, the vibration protocol did not increase the levels
of bone turnover markers.

A tool for the screening of swimmers at risk of having low bone mineral density was

devised.
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Introduccién y justificacion [Introduction and justification]

La introduccion se basara en distintos aspectos relativos a la masa Osea, su
medicion, evolucion a lo largo de la vida y respuesta a distintos estimulos, dado que el
objetivo central de este trabajo gravita en torno a estos aspectos. Asimismo, el analisis de
la salud 6sea es el nexo comun de los proyectos y manuscritos que se incluyen en la presente

Tesis Doctoral.

1.1 Estructura y funcién del tejido 6seo

El tejido 6seo es un sistema complejo y en constante evolucion. El hueso estd
formado en un 75% por contenido mineral (principalmente en forma de pequefios cristales
de fosfato de calcio impuro) que proporciona rigidez, mientras que el resto es contenido
organico, siendo su principal componente el coldgeno pero contando también con otras
proteinas, lipidos, agua y células (1). Estos tejidos se disponen de manera que presentan
una resistencia Optima frente a las cargas impuestas por la actividad habitual, como fue

descrito por Wolff ya en el siglo XIX (2).

Existen dos tipos de tejido dseo claramente definidos histolégicamente y radioldgicamente:
el tejido denso o compacto y el tejido esponjoso o trabecular (3). Estos tipos de hueso se
diferencian en su disposicion estructural, con el tejido compacto dispuesto en lamelas
concéntricas formando unidades denominadas osteonas, mientras que el tejido esponjoso

se organiza en una red de finas espiculas interconectadas.
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Carga

Deformacion

Figura 1. Estructura y propiedades mecanicas del tejido 6seo compacto y esponjoso
Adaptada del libro “Dynamics of Bone and Cartilage Metabolism” (4)

Esta diferente disposicion les confiere distintas propiedades mecéanicas como se
puede observar en la figura 1. El hueso compacto es capaz de soportar altas cargas sin
romperse; sin embargo, el hueso trabecular es mas flexible pudiendo someterse a mayores
deformaciones. Cada hueso tiene una proporcion y disposicion de estos tejidos especifica
de manera especializada para la funcion que vaya a desempenar. Estructuralmente se
pueden clasificar en huesos largos como el fémur, cortos como el calcaneo, planos como la

escapula e irregulares como las vértebras.

La parte central de un hueso largo se denomina diafisis y consiste en un cilindro de
hueso compacto en cuyo interior se sitia la médula 6sea. Los dos extremos de los huesos
largos se denominan epifisis y tienen un mayor contenido de hueso trabecular. La superficie
exterior del hueso esta protegida por una membrana fibrosa llamada periostio, mientras que
la membrana que cubre la cavidad medular es el endostio. En la figura 2 se pueden apreciar

estas estructuras.
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Hueso
.. Hueso
Periostio compacto ueso
(membrana que esponjoso
cubre el hueso)
| : | Cartllago
y articular

Vasos Médula

sanguineos osea
Cavidad medular

Placa epifisaria

Figura 2. Seccion transversal de un hueso largo

Traducida de la imagen orignal de Pbroks, con licencia CC BY 3.0, disponible en:
https://commons.wikimedia.org/wiki/File:Bone_cross-section.svg

Las principales funciones del tejido 6seo son las siguientes (5):

e Sostener y dar forma al cuerpo.

e Proteger los tejidos subyacentes como los organos vitales y el sistema
nervioso central.

e Servir como palanca mecanica en la produccién de movimiento y de fijacion
para los musculos.

e Contribuir a la formacién de las c€lulas sanguineas desde la médula 6sea
roja.

e Actuar como deposito de sales minerales, siendo el mayor reservorio de

calcio y fosforo.

Para desempefiar de una manera eficiente estas funciones, el hueso tiene que

cumplir distintas caracteristicas, siendo ligero para facilitar el movimiento, rigido para

resistir las cargas y, al mismo tiempo, flexible para deformarse sin agrietarse (6). Como

hemos visto, esta resistencia del hueso a las cargas externas no estd determinada

exclusivamente por su cantidad de contenido mineral, sino que la estructura es responsable

de entre un 20% y un 40% de la misma (7).
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1.2 Evolucion de los parametros 6seos a lo largo de la vida

1.2.1 Remodelado 6seo

Como ya se ha mencionado, el tejido dseo no se encuentra en un estado estatico,
sino que estd sometido constantemente a variaciones en su tamafo, forma y composicion
mediante los procesos de modelado (formacion de nuevo tejido) y remodelado (sustitucion

del tejido existente).

Un ciclo de remodelado consta de cuatro fases, como se representa en la figura 3:
resorcion, inversion, formacion y mantenimiento. Hay tres tipos de moléculas involucradas
en este proceso: los osteoclastos, encargados de la destruccion del tejido 6seo, los
osteoblastos que proceden a la remineralizacién y los osteocitos, que se encuentran

atrapados en la matriz 6sea y cumplen una funcién mecanorreceptora (8).

Durante un ciclo estdndar, la fase de resorcion ocupa entre 7 y 10 dias creando una
laguna en la que se instalaran los osteoblastos para proceder a la fase de formacion, que
necesita dos o tres meses para completarse (9). La velocidad de estos procesos puede verse

modificada por la carga mecanica o por causas hormonales (10).

Figura 3. Etapas del proceso de remodelado 6seo
Adaptada del articulo “Biochemical markers of bone turnover — uses and limitations” (11)
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En el transcurso de estos procesos se generan residuos, generalmente derivados de
las fibras de colageno fusionadas o seccionadas. La medicion de los niveles en sangre u
orina de estos componentes, denominados biomarcadores del metabolismo dseo, puede
ayudar a estimar la tasa metabodlica de formacion y resorcion. Sin embargo, hay que tomar
una serie de precauciones ante su interpretacion ya que estos marcadores pueden verse
afectados por la dieta, el ritmo circadiano o la estacion del afio. Asimismo, hay alguno de
estos marcadores que no es exclusivo del metabolismo 6seo o que sufre procesos de

degradacion dentro del organismo.

La Fundacion Internacional de Osteoporosis ha publicado unas pautas en
colaboracion con la Federacion Internacional de Quimica Clinica para el correcto muestreo,
almacenamiento, analisis e interpretacion de los marcadores del metabolismo 6seo (12) en
la que se identifican los marcadores de formacion y resorcion mas fiables y se detallan las
fuentes de variabilidad a tener en cuenta con cada uno de los metabolitos. Estas entidades
recomiendan el uso de la osteocalcina (OC) y del propéptido amino-terminal del
procolageno tipo I (P1NP) como biomarcadores de formacion 6sea y el telopéptido carboxi-

terminal del colageno tipo I (CTX) como marcador de resorcion.

1.2.2 Evolucioén del contenido mineral 6seo

La cantidad de tejido 6seo varia constantemente a lo largo de la vida de las personas.
El sistema esquelético empieza a formarse durante el desarrollo embrionario donde
comienza como moldes de tejido hialino que se ird mineralizando comenzando por la
diafisis (13). A lo largo de la infancia se va acumulando nuevo tejido 6seo de una manera

similar en ambos sexos (figura 4).
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Figura 4. Primeras etapas del desarrollo 6seo.
Extraida del libro “Atlas ilustrado de anatomia” (14)

Posteriormente, en la adolescencia se llega a un periodo critico, el pico de ganancia
de masa Osea. Se trata de un repunte en la acumulacion de contenido mineral dseo, que se
produce antes en las chicas (en torno a los 12,5 afios) que en los chicos (alrededor de los
14 afios de edad), si bien la ganancia que experimentan los varones es de mayor magnitud

(15). La figura 5 representa de manera gréafica este proceso.
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Figura 5. Pico de ganancia de masa 6sea en chicos y chicas europeos.

Adaptada del articulo “The National Osteoporosis Foundation’s position statement on peak bone mass development
and lifestyle factors: a systematic review and implementation recommendations” (16) Licencia CC BY-NC 4.0
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Al terminar la pubertad se ha formado ya la mayor parte del hueso adulto; a partir
de este momento la formacién de nuevo tejido dseo continta, pero de manera mucho mas
reducida, hasta alcanzar otro punto critico del desarrollo: el pico de masa d6sea. Este se
entiende como el mayor contenido mineral 6seo que tendrd una persona a lo largo de su
vida, el cual suele darse en torno a la tercera década de la vida (17). En este punto también
podemos apreciar dimorfismo sexual, ya que los hombres alcanzan un pico de masa dsea
superior a las mujeres. La obtencion de un pico de masa dsea lo mas elevado posible es uno
de los factores que mas pueden proteger frente a la aparicion de osteoporosis en la etapa
anciana, ya que se ha estimado que una ganancia igual a una desviacion estandar en el pico

de masa 6sea supone una reduccion del riesgo de fractura a la mitad (18).
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Figura 6. Evolucion de la masa 6sea durante el ciclo vital en hombres y mujeres.

Adaptada del articulo “The National Osteoporosis Foundation’s position statement on peak bone mass development
and lifestyle factors: a systematic review and implementation recommendations ” (16) Licencia CC BY-NC 4.0

Una vez alcanzado el pico de masa 6sea, la ganancia de contenido mineral 6seo se
detiene y se mantiene un equilibrio dindmico protagonizado por la formacioén y resorcion
Osea del proceso de remodelado (19). Con el paso de los afios el equilibrio entre estos
procesos se deteriora, llegandose a producir una pérdida paulatina de masa 6sea. En este

periodo de nuevo aparecen diferencias entre los sexos, ya que en el momento de la llegada
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de la menopausia las mujeres sufren una pérdida mas acentuada de su masa 6sea (20). Esta
pérdida prolongada de contenido mineral 6seo puede dar lugar a la aparicion de
osteoporosis en las ultimas etapas de la vida, especialmente en aquellas personas que no
alcanzaron un pico de masa oOsea elevado. La figura 6 esquematiza la evolucion del

contenido mineral 6seo a lo largo de la vida.

1.2.3 Evolucioén de la estructura 6sea

Los cambios en el tejido esquelético experimentados a lo largo de la vida no se limitan a la
mera ganancia o pérdida de material 6seo, sino que el proceso de formacion y resorcion
6sea va moldeando la estructura del hueso con el paso del tiempo, modificando asi sus

propiedades mecanicas.

Infancia  Adolescencia Adultez

Periostio

Masculino

= X

Femenino

Figura 7. Evolucion de la estructura 6sea durante el ciclo vital en hombres y mujeres.
Adaptada del articulo “Bone quality: the material and structural basis of bone strength” (21)

El crecimiento 6seo durante la etapa infantil y adolescente descrito en el apartado
anterior no so6lo se produce en el eje longitudinal, a través de las placas epifisiarias, sino
que también se produce un aumento en el grosor cortical, puesto que la formacidon 6sea en
el periostio excede a la resorcion experimentada en el endostio. Durante la etapa adulta,

estos procesos se equilibran, por lo que se obtiene un mayor diametro 6seo manteniéndose
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el grosor cortical (4). En mujeres el proceso de modelado en el periostio es de menor
magnitud que en los hombres, resultando en huesos mas pequeiios. No obstante, el grosor
cortical es similar, ya que también se inhibe el proceso de resorcion en el endostio (22). En
la figura 7 se muestra una representacion esquematica de la evolucion en el grosor cortical
y el diametro 6seo en hombres y mujeres a lo largo de la vida.

Con respecto al hueso trabecular, durante la etapa de crecimiento no se generan
nuevas trabéculas, sino que aumenta la densidad mineral de cada una de ellas (23). Durante
el envejecimiento, la pérdida neta de densidad mineral en las trabéculas es similar en
hombres y mujeres, sin embargo, el proceso es cualitativamente diferente. En el caso de los
hombres se produce una disminucion de la densidad de las trabéculas, resultando en un
estrechamiento de estas, mientras que en el caso de las mujeres desaparecen trabéculas

completas, comprometiendo asi la integridad estructural de todo el entramado (24).

1.2.4 Evolucion de los marcadores 6seos

En el apartado anterior se han explicado los factores que pueden causar variaciones
intraindividuales en los niveles de los marcadores de metabolismo 6seo en el corto y medio
plazo. En este apartado, por el contrario, se describiran las variaciones en estos pardmetros
a lo largo de los primeros afios de vida, puesto que son las poblaciones de interés de los
estudios incluidos en la presente Tesis Doctoral.

Los niveles de marcadores bioquimicos de remodelado 6seo son muy altos en el
momento del nacimiento y van disminuyendo hasta los 3 afios de edad aproximadamente,
correspondiendo con la ralentizacion del crecimiento (25). A partir de esta etapa los valores
de marcadores se mantienen estables, en niveles superiores a los encontrados en adultos
pero inferiores a los encontrados en neonatos o adolescentes. Ademas, no se observan
diferencias entre chicos y chicas en estos parametros. Con la llegada de la pubertad y los

cambios hormonales asociados, aumentan los niveles de varios marcadores, coincidiendo

- 49 -



Marin-Puyalto, J. Tesis Doctoral Internacional

con el periodo de maximo crecimiento lineal de los adolescentes (26). Este aumento en los
niveles de marcadores durante la adolescencia se da mas tarde en los chicos que en las
chicas y es asimismo de una duracion y magnitud mayores (27). Hay que tener en cuenta
también que los valores de alguno de los marcadores se ven afectados por los niveles de
hormonas sexuales y que el proceso de acumulacion mineral 6sea durante la pubertad es
un mecanismo complejo en el que estan involucrados la practica de actividad fisica, la
composicion corporal, y distintos factores hormonales (28).

En la figura 8 se presentan los valores normativos de osteocalcina y CTX en nifios

y adolescentes europeos, publicados por Rauchenzauer y colaboradores (25).
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Figura 8. Valores normativos de osteocalcina en chicos (circulos sombreados) y chicas

(circulos claros) de entre 0 y 18 afios.

Extraida del articulo “Sex- and Age-Specific Reference Curves for Serum Markers of Bone Turnover in Healthy
Children from 2 Months to 18 Years” (25) Licencia: 4665800866439
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1.3 Osteoporosis

Las personas que han experimentado deterioro grave del tejido 6seo, ya sea por una
gran pérdida de densidad mineral, por fallos estructurales o por un desequilibrio en la
actividad metabolica, presentan una elevada susceptibilidad a sufrir fracturas, sufriendo asi
de la enfermedad denominada osteoporosis.

La osteoporosis es una enfermedad metabolica 6sea que cursa con una reduccion de
la resistencia dsea, lo que conlleva un aumento del riesgo de fractura 6sea, de manera que
eventos de impacto de baja intensidad que normalmente no comportarian ninguin problema
médico para el paciente osteopordtico pueden suponer una fractura (29). Asimismo, en
casos mas graves también se pueden dar fracturas atraumaticas, es decir, colapsos de la
estructura dsea sin necesidad de eventos externos.

Esta enfermedad cuenta con una alta prevalencia entre las personas mayores,
afectando a un 6,6% de los hombres y un 22,1% de las mujeres mayores de 50 afios dentro
de la Union Europea (30). En nuestro pais, segun la Encuesta Europea de Salud 2014, el
10,4% de las personas entre 65 y 74 afios han recibido un diagnéstico de osteoporosis,
mientras que este porcentaje aumenta al 14,4% en el grupo de 75 a 84 anos y al 16,6% entre
los mayores de 84 anos (31). Podemos comprobar que la prevalencia es mayor en los grupos
de edad mas avanzados, de hecho se espera que el numero total de personas afectadas por
esta enfermedad crezca en los proximos afios, dados los cambios demograficos de nuestra
sociedad (32).

Ademas, la osteoporosis se ha descrito como una enfermedad “silenciosa” ya que
no causa dolor ni presenta otros sintomas de manera que, a menos que se realicen pruebas
diagnésticas, los afectados no son conscientes de la patologia hasta que se produce la

fractura o6sea (33).
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El elevado nimero de fracturas osteoporoticas que tienen lugar cada afio plantean
un grave problema para los sistemas sanitarios de los paises desarrollados (34), ya que han
sido relacionadas con disminuciones de la capacidad funcional y de la calidad de vida,
pérdida de independencia, aparicion de discapacidad e incluso con un aumento de la
mortalidad (35). Al mismo tiempo, a estos costes sociales también hay que anadirles los
costes econdmicos. Concretamente, en el afio 2008 el tratamiento de fracturas de cadera
supuso un gasto de casi 400 millones de euros al sistema sanitario espafiol publico, més del
doble del que se registr6é una década atras (36).

Por lo tanto, uno de los grandes retos a los que se enfrentan los sistemas sanitarios
es el de la prevencion temprana de la osteoporosis. Para ello es de vital importancia la
estimulacion osteogénica durante el periodo de pico de obtencion de masa dsea definido
anteriormente. Una de las estrategias mas recomendadas para conseguir un desarrollo dseo

adecuado durante esta etapa es la participacion en actividad fisica de impacto.

1.4 Métodos de medicion de la masa 6sea

Existen diversas opciones para la evaluacion de distintos parametros relacionados
con la salud d6sea. A continuacidon se presentaran brevemente aquellos métodos de
utilizacion mas frecuente en los estudios de investigacion relacionados con la actividad

fisica y salud en nifios y adolescentes.

1.4.1 Absorciometria de rayos X de energia dual (DXA)

El DXA es el método de referencia para la determinacion de la densidad mineral
Osea. Se trata de un método por imagen basado en la emision de radiacion ionizante, la cual
sera recogida por un receptor que registrara la proporcion de la radiacion absorbida tras
atravesar el cuerpo del paciente. La radiacion utilizada es de dos frecuencias diferentes, de

manera que una de ellas es absorbida por el tejido 6seo mientras que la otra es absorbida
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por el tejido blando. De este modo, se puede realizar un analisis de distintos componentes
corporales de manera simultanea, aportando informacién no solo sobre el contenido y

densidad 6seos sino también sobre la masa grasa y magra.

Este método se utiliza para el diagndstico de osteoporosis, a partir de una
comparacion de los resultados del paciente con los de una poblacion de referencia de
jovenes adultos (en el pico de masa 6sea) de su mismo sexo y etnia. Si el resultado esta al
menos 2.5 desviaciones estdndar por debajo de la media de esta poblacion de referencia, el

participante se puede clasificar como osteoporoético (37)

Existen pautas para el correcto posicionamiento de los pacientes, realizacion de las
mediciones e interpretacion de las imagenes, establecidas por la Sociedad Internacional de
Densitometria Clinica (38). El escaneo se puede realizar tanto de cuerpo completo como
de regiones especificas, siendo las de interés mas generalizado la columna lumbar, la cadera

y el antebrazo.

Es importante recalcar que las imagenes obtenidas mediante este método sélo
distinguen dos dimensiones, de manera que los valores de densidad ¢sea obtenidos son
relativos al area del hueso, lo que puede sesgar la comparacion entre huesos pequefios y
grandes o la interpretacion de los datos pertenecientes a pacientes de muy baja estatura. Por
esto, en algunos casos es recomendable realizar un ajuste de los valores de densidad

encontrados, calculando la densidad mineral volumétrica aparente (39).

Asimismo, los pardmetros obtenidos so6lo se tratan de variables de composicion
Osea, sin hacer referencia a su estructura, si bien existen complementos adicionales en el
software que permiten obtener informacion estructural como la puntuacion trabecular 6sea

(40) o el analisis estructural de cadera (41).
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1.4.2 Tomografia axial computerizada periférica (pQCT)

El pQCT, un método de imagen que utiliza radiacion ionizante al igual que el DXA,
esta disefiado para el analisis de secciones transversales de radio y tibia. Este método no es
dependiente del area del hueso analizado como sucedia en el DXA, ya que a diferencia de
este, proporciona valores de densidad mineral 6sea volumétrica. Ademas, ofrece resultados
de areas transversales, contenido mineral y geometria 6sea, distinguiendo entre hueso
trabecular y cortical. A partir de los valores obtenidos, se puede calcular el comportamiento

del hueso frente a fuerzas externas, pudiéndose asi conocer su comportamiento mecanico.

Existe un modelo de pQCT maés avanzado que ofrece una mayor definicion en las
imagenes obtenidas: el pQCT de alta resolucion. Este permite obtener variables
estructurales adicionales, pudiendo incluso llegar a establecer el nimero de trabéculas

Oseas y la separacion entre ellas, algo que la resolucion del pQCT estandar no permite.

1.4.3 Resonancia magnética

La resonancia prescinde del uso de radiacion ionizante para obtener sus imagenes,
ya que utiliza un campo magnético y ondas de radio. Este método proporciona valores de
densidad volumétrica y realiza la distincion entre hueso cortical y trabecular al igual que el
pQCT, si bien permite la evaluacion de todo el cuerpo al mismo tiempo, al contrario que

este.

1.4.4 Ultrasonidos

A través de la emision de ultrasonidos aplicados de manera directa al hueso se puede
medir la velocidad a la que el sonido atraviesa el hueso y la atenuacion que sufre al hacerlo,

lo que esta relacionado con la elasticidad y densidad d6sea. Este método también presenta
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la ventaja de no utilizar radiacion ionizante, ademas de ser mas economico y de utilizacion

mas rapida que los métodos descritos hasta el momento.

Hay que destacar que todas las técnicas presentadas a lo largo de este apartado son
costosas y requieren tanto personal especializado como material tecnologicamente
avanzado. Por estas razones, segun las recomendaciones de salud publicas (42), el uso
rutinario de estas técnicas para la deteccion de patologias Oseas es exclusivo en personas
de edad avanzada, ya que es donde el sistema demuestra ser mas costo-efectivo (43). Sin
embargo, seria importante contar con herramientas sencillas para el cribado y deteccion
precoz en poblaciones en riesgo de presentar una baja densidad mineral ¢sea durante edades

tempranas.

1.5 Actividad fisica y masa Osea

Se estima que en torno al 60% de la variabilidad interindividual en la masa 0sea es
debido a factores enddgenos como la genética o la raza, siendo el resto por lo tanto debido
a factores controlables (44). En el ano 2016, la Fundacion Nacional de Osteoporosis
publicaba una revision sistematica que establecia su posicionamiento con respecto a
distintas intervenciones dirigidas al aumento del pico de masa d6sea (16). En esta revision
se realizaba una evaluacion de la utilidad de cada una de estas intervenciones. La practica
de actividad fisica obtuvo los valores mas elevados de entre los distintos tipos de
intervenciones, recibiendo la mayor gradacion posible con respecto a su utilidad para la
mejora del contenido y la densidad mineral 6seos y la segunda mejor calificacion para la

mejora de los parametros estructurales.
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1.5.1 Mecanismos de adaptacion 6sea

Como ya se ha mencionado anteriormente las primeras descripciones de la relacion
entre la forma del hueso y su funcion se remontan al siglo XIX, con la publicacion de la
conocida como ley de Wolff (2). Siguiendo esta teoria, el profesor Frost describid el
“mecanostato 0seo” (45,46), segln el cual, las cargas realizadas sobre los huesos generan
unas deformaciones en estos que pueden ser de naturaleza compresiva, tensional, torsional
o combinada. Estas deformaciones estimularian la actividad de las células 6seas de la

region, produciéndose adaptaciones especificas.

La transformacion de las cargas mecénicas en respuestas celulares se denomina

“mecanotransduccion” y es posible gracias a la labor mecanorreceptora de los osteocitos.

Existen una serie de pardmetros que condicionan la respuesta efectiva a dichas
deformaciones y son su magnitud, velocidad, frecuencia, novedad, ciclos y periodos de
descanso (47). Frost ya contempl6 la relevancia de la magnitud de la deformacion en su
propuesta original del mecanostato, definiendo los umbrales que se presentan en la

siguiente figura.

+

Trivial Fisiologico Sobrecarga Patologico
Masa /

osea

Remodelado Modelado Reparacion

200 pe 2000 pe 4000 pe

Figura 9. Umbrales de estimulacion 6sea propuestos por Frost (46)

Traducida del articulo “Skeletal adaptations to mechanical usage: results from tibial loading studies in rats” (48)
Licencia: 4665810036414
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En investigaciones posteriores se ha comprobado que esta propuesta explica que la
carrera muestre un efecto osteogénico (49) mientras que la marcha tan sélo presente utilidad
para el mantenimiento de la masa 6sea y aunque no para su mejora (50), ya que solo las

deformaciones encontradas para la carrera sobrepasan el umbral de los 2000 pe.

1.5.2 Relacion entre actividad fisica y hueso

Existen numerosas revisiones que han demostrado que la actividad fisica (51,52),
el ejercicio (53,54) y el deporte (55,56) provocan un estimulo osteogénico en sus
practicantes siempre y cuando se cumplan los requisitos mencionados anteriormente, lo
cual se puede conseguir con cualquier actividad que incluya carreras, saltos, golpeos o
cambios repentinos de direccion, de manera que se genere una carga sobre el tejido dseo,

activando asi el mecanostato.

Como hemos visto, optimizar el desarrollo 6seo durante la pubertad es clave en la
prevencion de la osteoporosis, por lo que la practica de actividad fisica durante etapa es
fundamental para conseguir este objetivo, especialmente porque se ha visto que la actividad
fisica es capaz de mejorar la densidad dsea incluso en sujetos con una predisposicion
genética a presentar una mineralizacion deficiente (57). Ademas, se ha comprobado que los
beneficios a nivel 6seo obtenidos a través de la practica de actividad fisica durante la

adolescencia se conservan en etapas posteriores de la vida (58,59).

Dentro de la practica de actividad fisica en general, parece que la actividad vigorosa
es la intensidad mas efectiva para estimular la osteogénesis (60,61), si bien también se han
hallado beneficios a nivel esquelético relacionados con la practica de actividad ligera o
moderada (62,63). Con respecto al volumen de practica de actividad fisica necesario para

generar un estimulo suficiente para la adaptacion dsea, parece que el cumplimiento de las
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recomendaciones generales para este grupo de edad no es suficiente (64), por lo que se han
propuesto otras alternativas como la practica semanal de 3 horas de deporte (65) o de 32
minutos de actividad fisica vigorosa (64). Sin embargo, hay que tener en cuenta que la
frecuencia, duracion y distribucion de los periodos de practica de actividad fisica intensa
pueden modificar las adaptaciones especificas (66), por lo que es necesario estudiar en
mayor profundidad estos parametros para identificar el patréon Optimo de actividad

vigorosa.

1.5.3 Natacién y tejido 6seo

Los efectos de la natacion sobre el tejido 6seo fueron estudiados en profundidad en
una revision sistematica, combinando resultados de 64 articulos individuales (67). De
manera general se concluyd que los nadadores presentaban una densidad mineral 6sea
inferior a la de los practicantes de otros deportes y similar a la de controles inactivos,
independientemente de la edad. Esto puede explicarse teniendo en cuenta que al tratarse de
un deporte practicado en un medio hipogravitatorio, no proporciona los estimulos

necesarios para la generacion de una deformacion dentro del umbral del remodelado 6seo.

Por otra parte, en esta misma revision se mostrd que los nadadores presentaron
niveles de marcadores de metabolismo 6seo mas elevados que los de los controles
inactivos, sugiriendo que pese a que no se observen mejoras en el contenido y densidad
mineral 6seos quiza si que se den a nivel estructural, dando como resultado un hueso mas

resistente.

En un estudio transversal publicado recientemente se comprobd que al final de la
pubertad, los nadadores presentaban valores inferiores de densidad mineral 6sea que los

atletas y jugadores de hockey hielo en los puntos de soporte del peso corporal (cadera y
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cuello femoral), pero no asi en otras regiones (68). Tampoco se encontraron diferencias en
variables estructurales medidas mediante tomografia computerizada periférica, lo cual
concuerda con lo propuesto en la revision. Asimismo, los autores de este estudio transversal
hipotetizan que como la adaptacion osteogénica se limita a la region que es sometida a
tension durante la practica deportiva, quiza la natacion sea beneficiosa también para la
densidad mineral 6sea, tan s6lo que estd limitado a regiones que no son escaneadas
habitualmente (68). El andlisis de los niveles de biomarcadores del metabolismo 6seo

podria dar respuesta a esta incognita.
1.5.4 Entrenamiento con plataformas vibratorias

A principios del siglo XX, Clinton Rubin mostrd que la aplicacion de un estimulo
mecanico vibratorio introducido de manera no invasiva era capaz de producir una respuesta
osteogénica tanto en animales como en humanos (69,70). Desde ese momento la vibracion
de cuerpo completo se convirtid en un tema de principal interés entre la comunidad

cientifica.

Transmision del estimulo vibratorio
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Figura 10. Modalidades de transmision de la vibracion en plataformas vibratorias
Adaptada del articulo “Whole body vibration exercise: are vibrations good for you?” (71) Licencia: 4665810036414
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La vibracion de cuerpo completo se basa en la misma teoria del mecanostato,
aplicando la carga osteogénica mediante vibraciones de elevada frecuencia y baja amplitud
en una plataforma sobre la que se coloca el participante. Existen dos tipos principales de
plataformas para suministrar la vibracion, esquematizados en la figura 10. En la vibracién
simultanea el estimulo vibratorio se transfiere a ambos pies al mismo tiempo, mientras que
la vibracion alterna se produce de manera contralateral; es decir cuando uno de los laterales
se encuentra en su punto mas alto el otro se encontrard en su punto mas bajo, lo que reduce
la propagacion del estimulo vibratorio al tronco, permitiendo tolerar mayor intensidad de
la vibracion (72). Las plataformas no solo difieren en el tipo de vibracion suministrada,
sino que también varian en la frecuencia y la amplitud de su vibracion, obteniéndose asi un

gran rango de aceleraciones disponibles.

Como se ha mencionado, la vibracion de cuerpo completo ha suscitado el interés
investigador y existen un gran numero tanto de estudios individuales como de revisiones
narrativas y sistematicas centradas en este tema. Sin embargo, todavia existen discrepancias
entre las revisiones con respecto a la eficacia real de este tipo de entrenamiento en las

distintas poblaciones, lo que dificulta su aplicacion practica
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Hipotesis

Los preescolares con buena condicion fisica general presentardn pardmetros 0seos

mas saludables que sus pares con una condicion fisica pobre.

La practica de actividad fisica vigorosa en tandas de al menos cinco minutos
continuados se correlacionara positivamente con la densidad y el contenido mineral 6seos
en adolescentes sanos. También se espera encontrar una relacion dosis efecto, de manera
que la participacion en periodos mas largos de actividad vigorosa conllevard una mayor

mejoria de la salud dsea.

Un periodo de entrenamiento sobre plataforma vibratoria de cuerpo completo de 6
meses serd suficiente para incrementar los niveles de marcadores de formacion 6sea en

nadadores adolescentes.

Hypothesis

Fit preschoolers will present better bone mineral parameters than their unfit

counterparts.

The participation in vigorous physical activity in periods of at least five consecutive
minutes will be positively correlated with bone mineral content and density in healthy
adolescents. Additionally, higher increases in these parameters are expected with longer

periods of vigorous physical activity, following a dose-response effect.

A 6-month whole-body vibration protocol will increase the levels of bone formation

markers in adolescent swimmers.
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Objetivos

El objetivo general de la presente Tesis Doctoral es el de ampliar el conocimiento

cientifico al respecto del papel que juegan la practica de actividad fisica y la condicion

fisica en la mineralizacion y estructura Oseas durante las primeras etapas de la vida,

poniendo particular atencidn en los adolescentes practicantes de natacion, al tratarse de un

grupo de poblacion mas susceptible de presentar una deficiente mineralizacion Osea.

Mas concretamente, los objetivos especificos de cada uno de los seis articulos que

componen esta Tesis Doctoral son:
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Articulo I. Determinar la relacion entre distintos parametros estructurales del hueso
con la condicidn fisica en su conjunto, asi como con cada uno de sus componentes

individuales en nifios y nifias en edad preescolar.

Articulo I1. Analizar la relacion entre los distintos patrones de practica de actividad
fisica y la densidad 6sea de adolescentes sanos, poniendo especial interés en la

distribucion de la actividad vigorosa.

Articulo Ill. Examinar el efecto de distintas trayectorias de participacion en
actividad fisica sobre el crecimiento 6seo en adolescentes sanos, considerando la

actividad fisica actual y pasada.

Articulo IV. Resumir la literatura cientifica existente al respecto del entrenamiento
con plataforma vibratoria de cuerpo completo como herramienta para la mejora de

la salud Osea.



Hipdtesis y objetivos [Hypothesis and aims]

Articulo V. Analizar los efectos de 6 meses de entrenamiento sobre plataforma
vibratoria de cuerpo completo sobre los niveles en suero de los marcadores de

metabolismo 0seo en nadadores adolescentes.

Articulo VI. Desarrollar un método de cribado para la identificacion temprana de
nadadores adolescentes en riesgo de presentar una baja densidad mineral ésea,

partiendo de variables cuya medicion sea accesible para los centros deportivos.
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Aims

The general aim of the present Thesis is to enlarge the scientific knowledge

regarding the role of physical activity and fitness on bone mineralization and structure

during the first stages of life. An especial focus is put on adolescent swimmers, since it is

a sector of the population at high risk of suffering from poor bone mineralization.

More concretely, the specific aims of each of the six articles that constitute this

Doctoral Thesis are:
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Manuscript I. To determine the relationship between several bone structural

parameters and physical fitness and its components in preschool children.

Manuscript 1. To analyze the relation among different patterns of physical activity
participation and bone density in healthy adolescents, focusing on the distribution

of vigorous physical activity bouts.

Manuscript I11. To examine the effect that different physical activity participation
trajectories have on bone growth in healthy adolescents, taking into consideration

both present and past physical activity participation.

Manuscript V. To summarize the available scientific literature regarding the use

of whole-body vibration training as a tool for the improvement of bone health.

Manuscript V. To analyze the effects of 6 months of whole-body vibration training

on the serum levels of bone turnover markers in adolescent swimmers.



Hipdtesis y objetivos [Hypothesis and aims]

Manuscript VI. To develop a screening method for the early detection of
adolescent swimmers that are susceptible of suffering from low bone mineral

density, based on easily measurable variables on a regular training setting.
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Material y métodos [Material and methods]

En esta seccion se detallaran los procedimientos generales utilizados para obtener
los resultados que dan lugar a la presente Tesis Doctoral. Al darse la particularidad de que
estos estudios se engloban en tres proyectos de investigacion diferentes, se dedicard un
apartado especifico para la metodologia relativa a cada uno de estos proyectos. Por otra
parte, aspectos mas generales de estos proyectos, como pueden ser las consideraciones
¢ticas y el tratamiento estadistico de los datos se detallaran en apartados independientes
que incluirdn informacion de los tres proyectos. La metodologia concreta de cada estudio
individual puede consultarse en el manuscrito correspondiente en la seccion de Resultados

y Discusion de este documento.

3.1 Consideraciones éticas y legales

Durante el desarrollo de los tres proyectos se siguieron los Principios Eticos para
las Investigaciones Médicas en Seres Humanos reconocidas por la Declaracion de Helsinki
de 1975 segin su revision mas actual en el momento de conceptualizacion del proyecto, es
decir, de acuerdo con la revision de la 59* Asamblea General de Seul 2008, Corea (73) para
los proyectos de Estonia y RENACIMIENTO vy la revision de las 64 Asamblea General en
Fortaleza 2013, Brasil (74) para el proyecto PREFIT. Asimismo, se acatd la normativa legal
espafiola en materia de investigacion con seres humanos (ley 14/2007, de 3 de Julio, de

Investigacion Biomédica).

Todos los proyectos fueron revisados y aprobados por los comités de ética de las
regiones correspondientes. Asi pues, el proyecto RENACIMIENTO recibié un dictamen
favorable (referencia CP08/2012) tras la reunion del 18 de abril de 2012 del Comité de
Etica de la Investigacion de la Comunidad Auténoma de Aragon (CEICA). El proyecto

PREFIT, por su parte, recibié el visto bueno del Comité de Etica en Investigacion Humana
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de la Universidad de Granada (referencia 845), mientras que el proyecto realizado en la
Universidad de Tartu (Estonia) fue aprobado por el Human Ethical Committee de dicha

universidad (referencia 179/T-4).

Los detalles especificos del proyecto RENACIMIENTO y la investigacion
adicional realizada con la cohorte de Zaragoza de PREFIT se encuentran disponibles en el
repositorio publico ClincalTrials.gov bajo los numeros de referencia NCT02380664 y

NCTO02457754 respectivamente.

Antes del comienzo de los estudios se realizaron reuniones informativas con los
responsables de los centros educativos o clubes deportivos en los que se realizaria
posteriormente el reclutamiento de los participantes. Asimismo, se llevé a cabo una charla
explicativa del proyecto destinada a los padres de los candidatos a participar en el proyecto.
Previamente al comienzo de las evaluaciones e intervenciones, los padres o tutores legales
proporcionaron un consentimiento firmado tras recibir informacion escrita detallando tanto
las caracteristicas del proyecto como los resultados esperados y potenciales riesgos, asi
como la posibilidad de retractarse de la participacion en cualquier momento. Ademas, los

participantes expresaron verbalmente su acuerdo de formar parte de los estudios.

3.2 Proyecto PREFIT

3.2.1 Disefo y participantes

El proyecto PREFIT es un estudio multicéntrico con un disefio transversal cuyo
principal objetivo es la evaluacion de la condicion fisica de una muestra representativa de
preescolares espainoles. Para ello se contd con mas de 3000 nifios y nifias de diez ciudades
espanolas (Almeria, Cadiz, Castellon, Cuenca, Granada, Las Palmas de Gran Canaria,

Madrid, Palma de Mallorca, Vitoria y Zaragoza) entre enero de 2014 y noviembre de 2015.
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El estudio que forma parte de la presente Tesis Doctoral se centra exclusivamente
en la cohorte de Zaragoza, lo que elimina la representatividad de la muestra con respecto
al territorio nacional, pero gracias al proyecto adicional que se llevo a cabo en esta ciudad
se pudo evaluar la masa oOsea de los participantes por medio de una tomografia

computerizada periférica, algo que solo se realizo en este nodo.

Asi pues, la muestra perteneciente al estudio se compuso de un total de 139
preescolares de entre 3 y 5 afios de edad (77 niflos y 62 nifias) de distintos centros de
ensefianza publicos y concertados de la ciudad de Zaragoza y pueblos circundantes. Si
algin candidato presentara una enfermedad o condicion que impidiera el correcto
desempefio de las pruebas seria retirado del estudio, asi como aquellos que se encontraran
tomando medicacién que afecte a la masa d6sea. A los participantes en el estudio se les
realizaron mediciones antropométricas basicas, un escaneo de la estructura 6sea de la tibia
y una bateria de pruebas de condicion fisica. Por otra parte, los padres cons Las imdgenes
radiograficas que presentaron artefactos debido al movimiento de los participantes durante
la prueba (pese a las medidas tomadas para minimizar estos posibles movimientos, que se
detallan a continuacioén) fueron eliminadas del estudio, dejando asi un total de 92

particpantes con las mediciones completas (50 nifios y 42 nifas).

3.2.2 Mediciones antropométricas y evaluacién de la masa 6sea

Todos los participantes fueron medidos con un estadidmetro con una resolucion de
0,1 cm (SECA 213, Hamburgo, Alemania) y pesados en una béscula equipada con

bioimpedancia (TANITA BC420 SMA, Hamburgo, Alemania).

El contenido y estructura 6seos de la tibia no dominante fueron evaluados utilizando

un escaner de tomografia computerizada periférica (XCT-2000L, Stratec Medizintechnik,
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Pforzheim, Alemania). Este aparato permite obtener valores no soélo de composicion
corporal como el contenido o la densidad mineral sino también valores estructurales como
el grosor cortical o la densidad trabecular, que permiten calcular el comportamiento
mecanico del hueso. Estas variables se evaluaron en la diafisis de la tibia, al 38% de su
longitud, tras medirse manualmente la longitud de la tibia y tomando como referencia el
extremo distal de la tibia identificado con un escaneo preliminar. Los coeficientes de
variacion de este aparato dentro de nuestro laboratorio al utilizar el fantoma de calibracion
fueron inferiores al 1%, mientras que para las variables evaluadas en vivo en esta region de
la tibia oscilaron entre el 0.49% (densidad cortical) y el 5.31% (4rea cortical) (75). El
aparato se sometia a una calibracion completa al inicio de cada dia de mediciones,

siguiendo las instrucciones del fabricante.

Para el correcto desarrollo de la prueba es vital que el participante permanezca
inmoévil durante la misma, puesto que los movimientos distorsionan la imagen obtenida,
por lo que su realizacion se complica para nifios en edad preescolar, si bien ya se ha
demostrado que esta técnica se puede utilizar en este rango de edad (76). Con el objetivo
de minimizar los movimientos durante la prueba, los participantes se colocaban en un
asiento ajustable y se restringia la movilidad de la pierna mediante una fijacion al aparato.

Ademas, se distraia su atencion utilizando dibujos animados.

3.2.3 Pruebas de condicion fisica

La evaluacion de la condicion fisica de los preescolares se realizd6 mediante una
serie de test fisicos disefiados especificamente para este proyecto, denominada bateria
PREFIT. Esta bateria tiene en cuenta distintos componentes de la condicion fisica y se ha
demostrado que es valida y aplicable para la valoracion de la condicion fisica en

preescolares (77). La bateria PREFIT incluye las siguientes pruebas.
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» Fuerza de prension manual
Los participantes ejercen la mayor fuerza posible sobre un dinamometro manual (TKK
5001, Takei Corp., Tokio) manteniendo el brazo extendido y ligeramente separado del
tronco. Se utilizé un dinamoémetro analdgico para sortear la limitacion de los modelos
digitales cuyo umbral inferior de registro es de 5 kg, por lo que no son capaces de detectar
las pruebas de algunos participantes. La prueba se realiza un total de dos veces con cada

brazo.

» Salto de longitud
En esta prueba que valora la fuerza explosiva de las extremidades inferiores, los
participantes deben realizar un Unico salto despegando y aterrizando con los dos pies
simultdneamente intentando recorrer la mayor distancia horizontal posible. Se realizan tres

intentos y se registra el mejor de ellos.

» Equilibrio
Esta prueba consiste en conservar durante el mayor tiempo posible un equilibrio estatico
manteniendo un pie elevado del suelo, es decir, a la pata coja. Los movimientos con los
brazos para reestablecer el equilibrio estan permitidos, la prueba concluye cuando el

participante es incapaz de mantener la postura. Se realiza un intento con cada pierna.

» Agilidad
Para la evaluacion de la agilidad, los participantes deben completar un recorrido de 10
metros un total de cuatro veces (realizando dos idas y dos vueltas) en el menor tiempo
posible. Esta prueba se realiza por duplicado, con un periodo de al menos un minuto de

descanso entre los dos intentos.
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» Condicion cardiorrespiratoria
Esta prueba consiste en una adaptacion del test de Leger (78). Los participantes deben
recorrer de ida y vuelta un tramo de 20 metros a una velocidad que se indica con una sefial
acustica al final de cada trayecto. La prueba inicia a una velocidad de 6,5 km/h y se
incrementa en 0,5 km/h cada minuto. Los participantes Estuvieron acompafiados en todo
momento por dos investigadores, que ayudan a mantener el ritmo indicado. La prueba
finaliza cuando el participante es incapaz de completar el trayecto en el tiempo indicado en

dos veces consecutivas o se retira debido a la fatiga.

3.3 Proyecto internacional

Como ya se ha mencionado, durante el transcurso de dos estancias internacionales,
el doctorando tuvo la ocasion de colaborar en un proyecto de la Universidad de Tartu

(Estonia), cuyas caracteristicas se detallan en este apartado.

3.3.1 Disefio y participantes

Un total de 264 chicos de entre 11 y 13 afios de edad, reclutados en las escuelas de
la ciudad de Tartu y sus alrededores, formaron parte de este estudio que tiene como objetivo
analizar distintos factores que puedan afectar a la adquisicion de masa 6sea durante toda la
etapa puberal, con especial énfasis en la actividad fisica. De acuerdo con el disefio del
proyecto, el cual continia en activo, los participantes seran evaluados en repetidas
ocasiones durante su periodo de desarrollo madurativo si bien se mantiene un enfoque
observacional, sin realizarse ninguna intervencion sobre los participantes. Las variables
principales sobre las que se centra este proyecto son la densidad mineral dsea, obtenida a
partir de una densitometria de rayos-X de energia dual y la participacion en actividad fisica

de distintas intensidades, registrada mediante acelerometria.
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Uno de los articulos pertenecientes a este proyecto que forman parte de la presente
Tesis Doctoral utiliza inicamente los datos relativos a la evaluacion inicial, siguiendo por
lo tanto un disefio transversal, en el que un total de 180 participantes suministraron registros
de acelerometria completos. Por otra parte, el segundo estudio incorpora los datos
obtenidos en la evaluacion de seguimiento, llevada a cabo un afio después de la inicial. Tras
este periodo, fueron 140 los participantes que proporcionaron datos suficientes para ser

incluidos en el analisis.

3.3.2 Mediciones antropométricas y evaluacion de la masa 0sea

Para la sesion de evaluacion antropométrica y de la composicién corporal, los
participantes permanecian en ropa interior y descalzos. La talla de los participantes se midid
utilizando un antropémetro metalico (GPM Anthropological Instruments, Zurich, Suiza)
con una precision de 0.1 cm y el pesaje se realizd con una bascula médica (A&D
Instruments Ltd., Abingdon, Reino Unido) de resolucion 0.05 kg.

Para la medicion de la masa Osea se realizaron escaneos con DXA (DX-1Q, Lunar
Corp., Madison, Wisconsin, Estados Unidos) en el cuerpo completo, la columna lumbar
(de L2 a L4) y la cadera no dominante, obteniéndose valores de contenido y densidad
mineral 6seos. Se siguieron las instrucciones del fabricante tanto para el posicionamiento
del participante como para el posterior analisis de las imagenes obtenidas. El mismo técnico
realizé las mediciones antropométricas y el andlisis de los datos de la densitometria en
ambas evaluaciones. El coeficiente de variacion del aparato se obtuvo duplicando las
mediciones (con reposicionamiento) de 20 de los participantes, resultando inferior al 2%
para todas las variables analizadas.

Por otra parte, el estado madurativo se determind mediante una prueba de rayos-X

en la mufieca izquierda, siguiendo el método propuesto por Groulich y Pyle (79,80).
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3.3.3 Registro de la practica de actividad fisica

Para la evaluacion de la practica de actividad fisica, los participantes llevaron en su
cadera derecha durante una semana un acelerometro uniaxial (GT 1M Actigraph, Monrovia,
California, Estados Unidos), exceptuando los periodos de suefio y de ducha o actividades
acuaticas.

Los datos en bruto, originalmente de una frecuencia de 30 Hz, se condensaron en
periodos (epoch) de 15 segundos para facilitar su tratamiento. Una vez obtenidos los epoch,
se eliminaron de los registros semanales todos aquellos periodos iguales o superiores a 20
minutos sin registrar aceleracion alguna, al considerarse tiempo no valido (periodos en los
que el participante no ha llevado el acelerémetro consigo). Tan solo se aceptaron para el
analisis definitivo aquellos registros semanales que incluyeran al menos tres dias con 10 o
mas horas de tiempo valido, siendo ademas festivo al menos uno de esos dias.

La intensidad de la actividad fisica se dividio en las categorias de sedentarismo,
actividad ligera, moderada y vigorosa de acuerdo con los puntos de corte propuestos por
Evenson y colaboradores (81). Ademaés, dado que los estudios se orientaron hacia el analisis
de los patrones de participacion en actividad fisica vigorosa, se registraron todas aquellas
tandas (bouts) superiores a cinco minutos continuados de actividad vigorosa, con una
tolerancia de un epoch. Se analiz6 tanto el nimero de estas tandas diarias como su duracion

media y maxima.

3.4 Proyecto RENACIMIENTO

Dentro de este proyecto se enmarcan tres de los manuscritos que componen la
presente tesis doctoral. No obstante, uno de ellos, el articulo IV, presenta una metodologia
particular al tratarse de un articulo de revision sistematica, por lo que se le dedicara un

apartado independiente.
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3.4.1 Disefio y participantes

El proyecto RENACIMIENTO es un ensayo clinico aleatorizado realizado entre
septiembre de 2012 y diciembre de 2015. Si bien el desarrollo efectivo del proyecto no se
pudo ajustar completamente al disefio inicialmente concebido y descrito (75), los
principales componentes de este se mantuvieron, contando con una intervencion de
entrenamiento vibratorio de 6 meses y cuatro puntos de evaluacion; uno antes de comenzar
la intervencion, otro al final de esta para observar los cambias inducidos por la intervencion
y otros dos en los dos afios posteriores a la finalizacion de la intervencion para comprobar
la perdurabilidad de los efectos.

El proyecto cont6 inicialmente con 75 controles normoactivos y 98 nadadores, los
cuales fueron aleatoriamente distribuidos en dos grupos, uno de los cuales continuaria con
su entrenamiento habitual de natacion y otro incorporaria ademads el entrenamiento sobre
plataforma vibratoria.

Los participantes tenian que ser caucdsicos de una edad comprendida entre los 10 y
los 18 afios en el momento del comienzo del estudio, ademéas de no sufrir ninguna
enfermedad ni tomar medicacion que afectase al hueso. Para optar a unirse al estudio dentro
del grupo de nadadores, los participantes debian acumular al menos 6 horas de
entrenamiento semanal de natacion, asi como tener 3 o mas afios de experiencia en
competicion a nivel regional o superior.

Tras aplicar estos criterios de inclusion y excluir a los participantes con datos
faltantes, la muestra final incluida fue de 68 nadadores (40 chicos y 28 chicas) y 41
controles (27 chicos y 14 chicas) en el articulo V que sigue un enfoque longitudinal,
centrandose en los dos primeros puntos de evaluacion. Por otra parte, el articulo VI, que se
centra exclusivamente en el grupo de nadadores y so6lo tiene en cuenta la evaluacion inicial

pudo contar con un total de 78 nadadores (40 chicos y 38 chicas).
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3.4.2 Protocolo de entrenamiento vibratorio

Las caracteristicas de la intervenciéon de entrenamiento de vibracion de cuerpo
completo se detallan en la tabla 1. Como se puede apreciar, se optd por un protocolo
incremental, en el que el aumento paulatino de la frecuencia y amplitud de la vibracion
conforme avanza la intervencion resulta en aceleraciones progresivamente mayores.

Los participantes tenian que asistir la sesion con calzado deportivo y realizaban por
duplicado una serie de ejercicios sobre la plataforma: sentadilla estatica a 120°, sentadilla
estatica a 90°, sentadilla dindmica (oscilando entre las dos posiciones anteriores) y fondos
con cada uno de los pies al frente (figura 11). Las sesiones eran supervisadas en todo
momento por un licenciado en Ciencias de la Actividad Fisica y el Deporte que velaba por
la seguridad de los participantes y se aseguraba de la correcta ejecucion de los ejercicios.
Los participantes acudian a las sesiones por parejas, alternandose los periodos de descanso

y ejercicio.

Mesl Mes2 Mes3 Mes4 MesS Mesb6

Sesiones 12 12 12 12 12 12
Frecuencia (Hz) 30 30 32 34 36 38
Amplitud (mm) 1 2 2 2 2 2
Duracion (s) 45 45 45 60 60 60
Descanso (s) 45 45 45 60 60 60
Tiempo total de vibracion (min) 7.5 7.5 7.5 8 8 8
Duracion de la sesion (min) 15 15 15 16 16 16

Aceleracion resultante (g) 3,6 7,2 8,2 9,3 10,4 11,6

Tabla 1. Parametros del protocolo de vibracion
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e

a. Sentadillaa 1202 b. Sentadillaa 902 c. Lunge con pierna d. Lunge con pierna
derecha delante izquierda delante

Figura 11. Ejercicios realizados durante la sesion de entrenamiento vibratorio

Adaptada del articulo “Do 6 monthe of whole-hody vibration training improve lean mass and bone mass acquisition of
adolescent swimmers? ” (82) Licencia: 4665810667489

3.4.3 Mediciones antropométricas y evaluacion de la masa 0sea

Al igual que en los proyectos descritos con anterioridad, los participantes fueron
medidos (estadiometro SECA 225, SECA, Hamburgo, Alemania, resolucion 0,1 cm) y
pesados (bascula electronica SECA 861, SECA, Hamburgo, Alemania, resolucion 0,1 kg)
mientras se encontraban en ropa interior y descalzos.

Posteriormente se procedid a la evaluacion de su masa Osea (4rea, contenido y
densidad mineral 6sea) utilizando un aparato de DXA (Hologic Corp., software version
pediatrica 12.4, Bedford, Massachussetts, Estados Unidos), realizando escaneos del cuerpo
completo, columna lumbar (L.1-L4) y cadera no dominante. Todas las mediciones y analisis
de las imagenes fueron realizadas por el mismo operador entrenado. Los coeficientes de
variacion del DXA en nuestro laboratorio son del 2,3% para el contenido mineral 6seo y

del 1,3% para la densidad mineral 6sea (83).

3.4.4 Biomarcadores de metabolismo 6seo

Para la determinacién de los niveles en sangre de los marcadores de metabolismo
6seo se siguieron las indicaciones de la Fundacion Internacional de Osteoporosis y la

Federacion Internacional de Quimica Clinica (12). Se escogieron dos marcadores de
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formacion osea: la osteocalcina (OC) y el propéptido amino-terminal del procolageno tipo
I (PINP). Como marcador de resorcion dsea se analizo el telopéptido carboxi-terminal del
colageno tipo I (CTX). Con el objetivo de reducir la variacion circadiana intra-individual,
las muestras sanguineas se extrajeron tras un periodo de ayuno en el mismo momento del
dia (entre las 8:00 y las 10:00 de la manana).

Tras su extraccion, la muestra se dejaba reposar durante media hora y se procedia
al centrifugado a 10.000 revoluciones por minuto durante 15 minutos y su posterior
almacenamiento en una camara frigorifica a -80°C. La determinacion de los niveles de
marcadores presentes en el suero se llevo a cabo en un laboratorio independiente, mediante

inmunoensayos de electroquimioluminiscencia.

3.4.5 Pruebas de condicion fisica

Dentro del proyecto RENACIMIENTO se llevaron a cabo diversas pruebas de
condicion fisica. No obstante, en este apartado se describen unicamente aquellas pruebas
incluidas en los analisis realizados en los articulos pertenecientes a la presente Tesis
Doctoral.

Las pruebas de fuerza se realizaron siguiendo el mismo procedimiento descrito en
el proyecto PREFIT, evaluando la fuerza de los miembros superiores mediante la prueba
de dinamometria manual y la fuerza de las extremidades inferiores con la prueba de salto
de longitud a pies juntos. Para la evaluacion de la resistencia cardiorrespiratoria se empled
el test de Leger original (78). Por otra parte, para la medicion de la velocidad se cronometro
el tiempo transcurrido en realizar un sprint de 30 metros en linea recta utilizando células

fotoeléctricas.
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3.4.6 Otras variables

Dentro del proyecto RENACIMIENTO se tuvieron en cuenta diversas variables que
pueden afectar al proceso de crecimiento 6seo durante la adolescencia y por lo tanto se
registraron para poder controlar su efecto como variables de confusion o mediadoras.

Para la determinacion del estado de desarrollo puberal se facilitd a los participantes
una planilla en la que se representa graficamente las etapas descritas la escala de Tanner y
Whitehouse (84) de manera que pudieran proceder a su autoevaluacion.

La ingesta diaria de calcio se calculd a partir de un cuestionario validado de
frecuencia de consumo de alimentos ricos en calcio como el queso o el pan (85).

Asimismo, los participantes completaron un cuestionario en el que se recogia la
practica de actividad fisica tanto en el presente como en el pasado. Ademads, para los
participantes nadadores se recogio su volumen de entrenamiento (en horas por semana), su
experiencia en competicion (en afios) y su rendimiento en competicion, comprobando los
tiempos oficiales en competicion y la puntuacion otorgada por la Federacion Internacional

de Natacion.

3.4.7 Revision de revisiones sistematicas

Como se ha mencionado, en este apartado se describiran las pautas generales
seguidas para la realizacion de la revision sistematica perteneciente a esta Tesis Doctoral.
Se puede encontrar una descripcion detallada de todos los pasos seguidos durante su
elaboracion en el apartado de metodologia del articulo IV del capitulo Resultados y
discusion.

La primera particularidad que se debe resaltar con respecto al trabajo de revision
llevado a cabo es que su objetivo principal no es el de recopilar informacion recogida en

distintos articulos individuales, sino que pretende recoger los resultados obtenidos en

-83 -



Marin-Puyalto, J. Tesis Doctoral Internacional

distintas revisiones, tratandose por tanto de una revision de revisiones sistematicas, también
denominada overview en lengua inglesa.

Como tal, hay algunos aspectos de su procedimiento metodoldgico que son
similares a los de una revision tradicional, como la sistematizacion de la recogida de
informacion, pero hay otros aspectos que difieren, al tener que tratar con dos capas de
fuentes de informacion, esto es, tanto las revisiones sistematicas como los estudios
individuales que las componen. Por lo tanto, para la realizacién de esta revision de
revisiones se siguid una metodologia disefiada especificamente para este tipo de
investigacion (86,87).

Asi pues, tras definir los términos de busqueda dentro de tres bases de datos
electronicas (PubMed, Cochrane Library y SportDiscus), dos investigadores examinaron
de manera independiente los articulos encontrados seleccionando unicamente los
documentos que consistieran en revisiones sistematicas que analizaran los efectos del
entrenamiento en plataforma vibratoria de cuerpo completo sobre parametros Oseos, ya
fueran relativos a su composicion, estructura o metabolismo. No se realizd ninguna
restriccion respecto a la poblacion objetivo de la revision ni a la fecha de publicacion de
esta.

Una vez recopiladas las 17 revisiones sistematicas que terminaron siendo incluidas
en la revision de revisiones, se procedio a la evaluacion de la calidad metodologica de estas,
siguiendo la escala AMSTAR (88). Asimismo, se llevo a cabo una recopilacion sistematica
de las caracteristicas principales y resultados obtenidos en cada una de las revisiones,
decidiéndose realizar una division de los resultados en tres categorias en funcion de la
poblacion estudiada: mujeres postmenopdusicas, adultos jovenes y niflos y adolescentes

con baja densidad mineral dsea.
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También se tuvo en cuenta la posible duplicidad de la informacion recogida por las
distintas revisiones, por lo que se recogid una lista de los estudios individuales que
componian cada revision sistematica y se realiz6 una comprobacion cruzada de aquellos
estudios individuales que figuraban en mas de un documento, calculando ademas el grado
de solapamiento de la informacién segun la formula propuesta por Pieper y colaboradores
(89). En el caso de detectarse conflictos entre distintas revisiones a la hora de realizar la
interpretacion de los resultados de algin estudio individual, se procedié a consultar la

fuente original.

3.5 Analisis estadisticos

Dado que algunos de los métodos estadisticos utilizados son comunes a varios de
los articulos que componen la presente Tesis Doctoral, se ha optado por describir las
distintas pruebas estadisticas utilizadas en este apartado conjunto, en el que también se
incluyen procedimientos mas especificos que no tienen por qué ser utilizados en todos los
manuscritos. No obstante, en cada uno de los articulos incluidos en el siguiente capitulo de
Resultados y discusion se encuentra disponible una descripcion detallada de las técnicas

estadisticas empleadas.

El software empleado para realizar la mayoria de las pruebas estadisticas fue el
Statistical Package for the Social Sciences (SPSS Inc., version 22.0, Chicago, Illinois,
Estados Unidos), si bien tato el analisis de los datos de acelerometria como la elaboracion
de los arboles de decision del manuscrito VI se realizaron utilizando el lenguaje de
programacion estadistica R (90), utilizando distintos paquetes para ampliar su

funcionalidad. El nivel de significacion estadistica se fijo en 0<0,05.
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Antes de proceder con pruebas estadisticas paramétricas, se comprobo que no se
violara la asuncioén de normalidad mediante pruebas de Kolmogorov-Smirnov, ademas de
realizarse una exploracion de posibles casos extremos u outliers univariante y multivariante
segln la comprobacion de la distancia de Mahalanobis. También se realizo una estadistica
descriptiva de las variables de interés de cada articulo.

Las distintas pruebas paramétricas incluyen test de chi-cuadrado para comprobar la
homogeneidad entre grupos en la distribucion de variables de clasificacion (como el sexo
o la etapa de desarrollo madurativo), pruebas t de muestras relacionadas para el analisis
longitudinal de la evolucion de las variables dentro de un mismo grupo y pruebas t de
muestras independientes para evaluar las diferencias entre dos grupos. En el caso de que se
requiriera realizar comparaciones entre mas de dos grupos, se llevo a cabo un andlisis de
varianza (ANOVA) con ajuste de Bonferroni para las pruebas post-hoc. También se
utilizaron ANOVA de medidas repetidas para comparar la evolucion longitudinal entre
distintos grupos, analizando la interaccion grupo por tiempo. Se calcularon coeficientes de
correlacion de Pearson para evaluar la relacion entre distintas variables y para la obtencion
de la contribucion especifica de distintas variables independientes sobre la variable de
interés se realizaron modelos de regresion lineal. En caso necesario, durante la realizacion
de estas pruebas estadisticas se introdujo un ajuste con respecto a las potenciales variables
de confusion identificadas.

Dentro de los procedimientos de analisis estadistico mas especificos cabe destacar
la construccion de curvas de caracteristicas receptor-operador (curvas ROC) para la
deteccion de puntos de corte, andlisis de cluster para identificar agrupaciones de sujetos
definidos por poseer una serie de caracteristicas similares y la elaboracion de arboles de
regresion y decision para identificar secuencias de variables que permitan identificar una

caracteristica clave dentro de la variable de interés.
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Los resultados y la discusion de la presente Tesis Doctoral se han estructurado en
distintos apartados relacionados con cada uno de los proyectos incluidos. El capitulo 4.1 se
centra en la relacion entre condicion fisica y parametros estructurales éseos en preescolares.
En los capitulos 4.2 y 4.3 se analizan de manera transversal y longitudinal respectivamente
las asociaciones entre la préactica de actividad fisica vigorosa y el estado d6seo en
adolescentes. El apartado 4.4 consiste en una revision sistematica de trabajos de revision
centrados en los efectos del entrenamiento vibratorio de cuerpo completo en la salud 6sea
de distintas poblaciones. En el capitulo 4.5 se exponen los efectos sobre el metabolismo
osea de los nadadores adolescentes producidos por el protocolo de entrenamiento vibratorio
y finalmente en el apartado 4.6 se presenta un modelo computacional para la deteccion

temprana de nadadores adolescentes con riesgo de presentar un baja densidad mineral dsea.

The results and discussion of this Doctoral Thesis have been subdivided in different
sections, according to various aspects of the included projects. Chapter 4.1 is focused on
the relationship between physical fitness and structural bone parameters in preschoolers.
Sections 4.2 and 4.3 show respectively a cross-sectional and longitudinal analysis of the
associations between vigorous physical activity and bone status in adolescents. Section 4.4
features an overview of systematic reviews regarding the effects of whole-body vibration
on bone health in different populations. In chapter 4.5 the effects of vibration training on
the bone turnover markers of adolescent swimmers are shown. Finally, Chapter 4.6
introduces a computer model for the detection of adolescent swimmers at risk of having

low bone mineral density.
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4.1 Associations between physical
fitness and bone strength and structure

in 3 to 5-year-old children
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ABSTRACT

Background: The positive association between physical fitness and bone structure has
been widely investigated in children and adolescents with no studies evaluating this
influence in young children, i.e. preschoolers.

Hypothesis: Fit children will present improved bone variables when compared to unfit
children and no sex differences will emerge in the sample.

Study design: Cross-Sectional Study

Level of evidence: 2¢c

Methods: Handgrip strength, standing long jump (SLJ), speed-agility, balance and
cardiorespiratory fitness (CRF) were assessed with the PREFIT battery in 92 children (50
boys; ages from 3 to 5). A peripheral quantitative computed tomography scan was
performed at the 38% of the non-dominant tibia. Cluster analysis from handgrip strength,
SLJ, speed-agility and CRF was developed to identify fitness groups. Bone variables were
compared between sexes and between cluster groups. The association between individual
physical fitness components and different bone variables was also tested.

Results: Three cluster groups emerged and were named as FIT (high values of all the
included physical fitness variables), STRONG (high strength values and low speed-agility
and CRF), and UNFIT (low strength, agility and CRF). FIT presented higher values than
STRONG and UNFIT for total and cortical bone mineral content, cortical area and polar
strength strain index (all p<0.05). FIT also presented a higher cortical thickness when
compared to UNFIT (p<0.05). Handgrip, SLJ and speed-agility predicted all the bone
variables except for total and cortical volumetric bone mineral density (vBMD). No

differences were found for bone variables between sexes.

-93.



Marin-Puyalto, J. Tesis Doctoral Internacional

Conclusions: These results suggest that global fitness is a key determinant to bone structure
and strength, but not vBMD in preschoolers.

Clinical relevance: Physical fitness is determinant to tibial bone mineral content, structure
and strength in very young children. Performing physical fitness tests could provide useful

information related to bone health in preschoolers.

Keywords: Bone mass, preschool, muscular strength, children, fitness.
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INTRODUCTION

Physical activity is a major determinant of body composition (91), cognition (92), bone
mass (93), bone strength (94) and quality of life (95) in children. Nonetheless, some studies
have suggested that the effect of physical activity on the previously mentioned outcomes is
mediated by physical fitness (96). It is clear that both are positively associated and that
while registers of physical activity are usually based on a 7-day window, physical fitness
is a robust physiological measure that could reflect the amount of physical activity

performed during the previous months.

The effects of physical fitness on health have also been widely studied in children (97),
finding positive associations with quality of life (95), metabolic risk factors (98) and bone
health (98), among others. Focusing on bone health, 12 out of 17 studies included in a meta-
analysis developed by Smith et al. (98) showed a positive association between muscular
fitness and bone mass. Gracia-Marco et al. (99) evaluated the influence of several
components of physical fitness and physical activity on bone mineral content (BMC) in
adolescents, finding that lower levels of fitness were associated with lower BMC. An
interesting finding of the previous study was that cardiorespiratory fitness had no influence
on BMC in boys, suggesting that the development of different fitness components might

act unequally on bone mass.

Both BMC and bone mineral density (BMD) measured with dual energy x-ray
absorptiometry (DXA) have been the most researched bone-variables. Nevertheless, DXA
has several limitations when used in small children (100), and unlike peripheral quantitative
computed tomography (pQCT), DXA only provides information about bone quantity

without evaluating structure and therefore bone quality. This might be very important

-05 -



Marin-Puyalto, J. Tesis Doctoral Internacional

information, as bone strength, which is a fracture risk factor, is determined by both BMD

and bone structure (101).

Few studies have measured the association between physical fitness and bone structure in
children, finding that muscular fitness predicts adolescent bone strength in 17 year-olds
(102), and that active fit 7 to 9 year-old boys present greater cortical area and thickness
compared to inactive-unfit boys (103). To the best of our knowledge no studies have
evaluated the association between physical fitness and bone structure in very young
children as preschoolers. It is important to clarify this effect, as poor bone accrual during
growth is associated with increased fracture risk in childhood (104,105) and may influence

lifelong fracture risk (106).

Therefore, the aims of the present study were: 1) to determine the association between
different physical fitness components and several structural bone parameters in 3 to 5 year
olds, 2) to analyze the overall association between physical fitness and bone structure, and
3) to determine if sex differences regarding bone structure have already emerged in 3 to 5

year olds.

It was hypothesized that fit children would present improved bone variables when

compared to unfit children and that no sex differences would be present in the sample.

METHODS

Design and participants
This study is part of the PREFIT project (Assessing FITness levels in PREschoolers,
http://profith.ugr.es/prefit), a multicentric study developed in 10 Spanish cities, aiming to

include 3000 pre-school children to develop physical fitness reference values with the
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PREFIT physical assessment battery and also to determine the association of physical
fitness and several health outcomes. The present study focused on the sample from
Zaragoza (Spain), the only center in which bone structure was measured, and it is not
representative of the whole Spanish population of preschoolers. The study protocol was
approved by the Review Committee for Research Involving Human Subjects from the
University of Granada (n° 845) and by the Ethics Committee of the University of Zaragoza
(CEICA CP18/2014), and it adheres to the Helsinki Declaration of 1961 (revision of
Fortaleza 2013). Signed informed consent was retrieved from the parents or legal guardians

of the participants.

In order to be included, participants had to be: 1) in pre-school years 1, 2 or 3 (starting ages
3,4 and 5 years respectively), 2) healthy and not taking medications affecting bones. Those
participants that did not present complete fitness and bone data, were excluded from final
analyses. Bone scans showing any sign of movement were omitted from all analyses. From
the initial 139 participants (77 boys and 62 girls), 47 scans (27 boys and 20 girls) were
excluded from the analysis due to movement artifact (37%). Therefore, to guaranty high

quality data all the analyses for the present manuscript were conducted with 92 participants

(50 boys and 42 girls).

Physical fitness assessment
Physical fitness was assessed with the PREFIT battery (107) which is known to be feasible

and reliable in preschoolers (108).

The PREFIT battery was performed to measure physical fitness. In order to obtain the
highest level of performance participants were verbally encouraged during the duration of

all the tests. The performed tests were:
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1)

2)

3)

4)

-08 -

Handgrip strength tests (Handgrip): It was measured using a handgrip dynamometer
(TKK 5001, grip A, Takei, Tokyo; range 0—100kg; accuracy 0.5 kg). Children were
in a standing position maintaining the arm of the tested side straight down with the
shoulder slightly abducted (~10° not touching the rest of the body), the elbow in 0°
flexion, and the forearm in neutral position and the wrist in 0° flexion. The best
value of the four attempts (two trials with each hand) was chosen (kg).

Lower limb explosive strength (standing long jump test; SLJ): This test consists of

jumping horizontally with both feet at the same time the maximum distance over a
non-slippery and hard surface with the feet immediately behind the starting line and
separate from each other approximately at the shoulder’s width. Children performed
three jumps with 1-2 min rest between attempts. The best value of three attempts
in centimeters was used for the analysis

Balance (standing on one leg test; balance): One-leg stance test was used to evaluate

the static balance. An attempt was made on each leg scoring the time it got to keep
it there.

Children were allowed to use their arms if it was necessary to maintain the balance
position as long as possible. The timer was activated when the free leg left the
ground. The test ended when the children were not able to maintain the required
position, i.e. moved the supporting foot, heel or toe of the original position. The
mean of two attempts was registered in seconds.

Speed-agility (4x10m shuttle run test; agility): Participants ran back and forth four

times along a 10-m track at the highest speed possible. At the end of each track
section, the participants had to touch the hand of a researcher crossing the limit line
with both feet. Children performed the test twice with 1-2 min rest between

attempts. The best result (minimum score in seconds) was used for the analysis.
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5) Cardiorespiratory fitness (PREFIT 20-m shuttle run test; laps): This test required

participants to run back and forth between two lines set 20m apart. Running pace
was determined by audio signals emitted from a prerecorded compact disc: the
initial velocity was 6.5 km/h, which was increased by 0.5 km/h/min. The test also
requires that two researchers ran with the preschool children one in front and
another behind them forming an imaginary band in motion that helps to maintain
the correct speed. The test was finished when the participant failed to reach the end
lines concurrent with the audio signals on two consecutive occasions or the child
stopped because of fatigue
6) Relative handgrip strength (Rel Handgrip) was calculated as the absolute handgrip
strength divided by the body weight.
The PREFIT battery also includes anthropometric measurements with weight measured to
the nearest 0.1 kg with a body composition analyzer (TANITA BC420 SMA, Hamburg,
Germany) and height assessed to the nearest 0.1 cm with a stadiometer (SECA 213,

Hamburg, Germany).

Bone measurements
A Stratec XCT-2000 L scanner (Stratec Medizintechnik, Pforzheim, Germany) that has
been proved to be a valid device to measure bone in 3 to 4 year-old children (109) was used
to evaluate the non-dominant tibia. This device is a translate-rotate, small computed
tomography scanner that acquires a trans-axial image and allows the measurement of tibia
and radius. In order for the obtained image to be valid for posterior analyses participants
must stay totally still for the entire duration of the scans. We have seen that the radius is
more sensitive to movement than the tibia (110,111), therefore only the tibia was analyzed.
Participants were distracted with a cartoon chapter that was played during the whole scan

with the aim of reducing movement.
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The coefficient of variation between measurements for the phantom is < 1%. In vivo
coefficients of variation for several measures of pQCT in our laboratory have been
described elsewhere (112). The non-dominant tibia was selected for measurements as
recommended by the International Society for Clinical Densitometry (113). The diaphyseal
tibia results (located at the 38% of the total tibia length) were used, always placing the
reference line at the tibial endplate. Participants were seated in a stationary chair, adjusted
to the appropriate height. The tibia length from the distal end of the medial malleolus to the
medial knee joint cleft was measured. A tibial adjustable fasten belt was used to hold the
limb and to limit motion during the scans. Every limb was centered in the imagining field.
The scanner was positioned on the distal tibia, and a coronal computed radiograph (scout
view) was performed to manually locate a reference line on the distal end of the tibia. The
measurement sites were located proximal to this reference line by a distance corresponding

to 38% (diaphyseal tibia) of the tibia length.

Bone outcomes
Data for total and cortical bone at the 38% of the tibia length were registered. Volumetric
BMD (vBMD), BMC and area, were derived for both cortical and total bone. Additionally,
cortical thickness was measured. Bone strength was established with respect to torsion

(Polar strength strain index: SSIPOL), and bending with respect to the X axis (Frac_X).

Statistical analyses
Power calculation and sample size estimations were computed based on the primary
outcome of the multicentric PREFIT project (114). The present study is based on a
secondary analysis only using data from a research center from the multicentric project (as

only one center collected bone data). Nonetheless, sample size is similar to a previous
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important study that also measured bone structure in preschool children that presented a

sample of 101 children (53 boys) (109).

Sample characteristics are presented with mean and standard deviations or frequencies.
Sex differences for bone variables were evaluated using Analyses of Covariance

(ANCOVA) adjusting by age and tibia length.

The association between different fitness variables and bone was evaluated through linear
regression models. For each physical fitness variable two models were created, with Model
1 only including age, sex and tibia length (the same model for all physical fitness variables).

Model 2 included all the variables from Model 1 plus the physical fitness variable.

Cluster analysis was performed to identify groups of physical fitness and compare bone
variables among groups. As no sex-differences for bone variables were found, cluster

analyses were performed for the whole sample.

Firstly, Z-scores were calculated for Rel handgrip, SLJ, agility and laps. As Rel handgrip
and SLJ both express strength, they were grouped into one variable ((SLJ Z-score +
Rel handgrip Z-score) / 2), called Strength. Balance was not included as the linear
regression coefficients were all non-significant suggesting that it was not associated with
bone structure or strength. Although the linear regression coefficients for cardiorespiratory
fitness were also non-significant, we decided to include this variable in the cluster analysis
as previous studies suggest that it is an important fitness variable regarding bone mass in

children and adolescents (115).

Secondly, hierarchical cluster analysis was performed with the 3-fitness Z-score values
(Strength, Agility and Laps), finding that the final cluster solutions were always highly

influenced by age, with those classified as FIT mostly 5-year-old participants (from third
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grade (5-6-year olds), and those classified as UNFIT mostly 3-4 year olds (from first grade).
These age differences also emerged when stratifying by grade (in to 3 groups), as those
classified as FIT were always significantly older than those classified as UNFIT. Therefore,
in order to control for the important effect of age, and the possible effect of sex, linear
regressions were performed with physical fitness components as the dependent variable
and age and sex as independent variables. Standardized regression residuals were saved
and the cluster analysis was developed from the standardized regression residuals of the

three previously described variables: Strength, Agility and Laps.

To be consistent with clustering methods reported in previous studies (116,117), two types
of cluster analyses were used: hierarchical clustering and k-means clustering. To reduce
the sensitivity of the Ward’s method to outliers, individual outliers and multivariate outliers
(those with high Mahalanobis values distance) were investigated. Firstly, hierarchical
cluster analysis was initially used as the numbers of clusters in the data were unknown
beforehand. Number of clusters was determined by examining dendrograms, which

suggested a solution of 3 cluster groups.

K-means cluster analysis was therefore performed with 3 possible solutions. This approach
minimizes the within-cluster variance and maximizes the between-cluster distance so that
resulting clusters are as homogeneous as possible. K-means cluster analysis is considered
superior to hierarchical methods because it is less sensitive to outliers and has been found

to result in greater within-cluster homogeneity and between-cluster heterogeneity (118).

ANOVAs with the Z-scores of the fitness variables and the raw fitness variables were
performed to classify and name the 3 cluster groups. ANOVAs were performed to evaluate
anthropometric differences among groups, and Chi-square tests were developed to compare

the gender and school year distribution among groups.
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Finally, age, sex and tibia length adjusted ANCOVAs were performed to compare bone

variables among the three defined cluster groups.

RESULTS

Participant characteristics and physical fitness

Ninety-two children were included in the study. Regarding physical fitness, data for

handgrip, relative handgrip, standing long jump, agility, balance and cardiorespiratory

fitness are presented for the whole sample and stratified by sex in Table 1.

Table 1 - Descriptive characteristics of pre-school children (Mean + SD).

Whole sample

(n=92) Boys (n=50) Girls (n=42)
Age (y) 4.81+£0.76 4.85+0.69 4.76+0.84
School year (1/2/3) 23/40/29 10/24/16 13/16/13
Weight (kg) 18.6+2.8 18.742.3 18.5+3.3
Height (cm) 107.1£6.7 107.3+£5.8 106.8+7.7
BMI (kg/m?) 16.2+1.2 16.2+1.2 16.1£1.3
Tibia length (mm) 227.8+€19.3 226.3£16.8 229.4+22.0

Physical fitness

Mean handgrip (kg) 6.87+2.47 6.89+2.44 6.84+2.53
Rel_handgrip 0.36+0.10 0.3620.11 0.36+0.09
(kg/weight)
Standing long jump (cm) 81.70+20.99 85.06+20.47 77.69+21.12
Speed run time 4x10 (s) 16.49+2.26 16.22+2.06 16.80+2.46
Standing one leg (s) 14.70£12.17 13.76£11.83 15.81+12.61
PREFIT 20m SRT 20.43411.69 22.44+13.03 18.0549.51

(number of laps)

School year (1/2/3) indicates the number of participants in each group from year 1, year 2

and year 3. BMI=Body mass index, Rel= relative; SRT=Shuttle run test
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pQCT variables
From the initial 139 participants, 47 scans presented movement (37%). No differences were

found between sexes for any of the bone variables (all p>0.05; Table 2).

Table 2 - Sex differences in bone mass (adjusted by age and tibia length)

Tibia 38% variables Boys (n=50) Girls (n=42)
Total BMC (g) 1.188+0.099 1.161£0.097
Total Area (mm?) 160.366+14.404 156.421+14.433
Total vBMD (mg/cm?) 741.026+41.571 742.837+41.652
Cortical Thickness (mm) 2.803+0.212 2.718+0.214
Cortical BMC (g) 1.042+0.092 1.015+0.091
Cortical Area (mm?) 101.081+09.242 97.511+£09.261
Cortical vBMD (mg/cm?) 1031.010£35.560 1042.091+£35.631
SSIPOL (mm)? 360.825+45.714 350.453+45.806
Frc.Load X (N) 743.204£92.645 745.426+92.830

No differences were found between boys and girls (all p>.05)
BMC=Bone mineral content; vBMD=Volumetric bone mineral density; SSIPOL=Polar
strength strain index; Frc.Load X= Bone strength with respect to the X axis

Influence of physical fitness on bone content, structure and strength
Linear regression analyses showed similar results for Rel handgrip, SLJ and agility, as they
all increased r-square of Model 1 for total and cortical BMC, total and cortical area,
SSIPOL and Frac X (from 2 to 5%, all p<0.05; Table 3). SLJ and agility also increased the

cortical thickness r-square of model 1 (both p<0.05; Table 3).

Both total and cortical vBMD were unaffected by all of the fitness components (all p>0.05;

Table 3). Balance and Laps did not modify Model 1 predictions (all p>0.05; Table 3).

Cluster analysis
The three physical fitness clusters are presented in Figure 1. Cluster 1 was labelled as
STRONG, as it was characterized by high levels of strength, average levels of speed-agility

and low levels of cardiorespiratory fitness. Cluster 2 was labelled as FIT, as it presented
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Table 3 - Linear regression coefficients for the influence of physical fitness on tibia values

TotBMC Tot.Area Tot.vBMD Crt.Thick Crt.BMC Crt.Area Crt.vBMD SSIPOL FRAC X

Model 1 r? 0.550* 0.477* 0.067* 0.434* 0.539* 0.536* 0.031 0.502* 0.542%
Rel handgrip (B) 0.414* 57.20%* -20.58 0.565* 0.366* 37.65%* -35.96 186.30*  371.91*

Changer*  0.037* 0.044* 0.002 0.022* 0.033* 0.038* 0.007 0.042* 0.037*

Total r*  0.587 0.522 0.068 0.455 0.573 0.574 0.038 0.544 0.570

Standing long jump (B)  0.003* 0.366* -0.054 0.005* 0.002* 0.271* -0.373 1.016* 2.427*
Change r*  0.043* 0.048* <0.001 0.039* 0.040* 0.052* 0.019 0.033* 0.042*

Total r*  0.592 0.525 0.067 0.473 0.579 0.588 0.050 0.534 0.583
4x10(s) (B) -0.035*  -3.388* -6.803 -0.071*  -0.033*  -3.189* 0.702 -11.15*%  -25.05*
Model 2 Changer*  0.058* 0.033* 0.036 0.072* 0.057* 0.058* 0.001 0.032* 0.036*
Total > 0.608 0.511 0.102 0.506 0.597 0.594 0.032 0.534 0.578
Balance (s) (B) <0.001 0.063 -0.270 -0.001 -0.001 <0.001 -0.498 0.208 0.157
Changer*  0.001 0.001 0.003 0.001 0.001 <0.001 0.016 0.001 <0.001
Total r*  0.551 0.478 0.070 0.435 0.540 0.536 0.047 0.709 0.542
Laps (s) (B)  0.001 0.085 -0.067 <0.001 0.001 0.041 0.211 0.279 0.441
Changer*  0.001 0.002 <0.001 <0.001 0.002 0.001 0.004 0.001 0.001
Total > 0.551 0.479 0.067 0.434 0.542 0.537 0.035 0.503 0.542

*p<0.05 for the included fitness variable.

Unstandarized Beta (B) coefficients and r-square for each of the fitness predictors adjusting by age and sex.

(B)=Unstandarized Beta; SLJ=Standing long jump; Tot. BMC=Total bone mineral content; Tot.Area=Total area; Tot.vBMD=Total volumetric
bone mineral density; Crt.Thick=Cortical thickness; Crt. BMC=Cortical bone mineral content; Crt.Area=Cortical area; Crt.vBMD=Cortical
volumetric bone mineral density; SSIPOL=Polar strength strain index; FRAC X=Fracture load in the X axis.
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Table 4 - Anthropometric and fitness differences among cluster groups

STRONG (n=37) FIT (n=29) UNFIT (n=26)
Age (y) 4.88+0.72 4.80+0.71 4.71+0.89
Weight (kg) 18.51+2.85 18.59+2.63 18.73+2.91
Height (cm) 107.27+6.63 107.69£5.25 106.04£8.19
BMI (kg/m?) 16.01+1.24 15.97+1.27 16.55+0.99
Tibia length (mm) 228.32+18.60 228.52+17.33 226.08+£22.78
Sex males (%)/females (%) 19 (51%)/18 (49%) 16 (55%)/13(45%) 15 (58%)/11 (42%)
School year (1/2/3) 6/19/12 8/11/10 9/10/7

Physical fitness

Mean handgrip (kg) 7.46+2.329%* 7.19+2.42%* 5.68+2.39
Relative handgrip (kg/weight) 0.40+0.10* 0.38+0.09* 0.30+0.10
Standing long jump (cm) 87.19+20.02* 85.48+19.99* 69.65+19.14
Speed run time 4x10 (s) 16.33+1.92* 15.36+1.76*# 17.98+2.46
Standing one leg (s) 16.00+12.42 15.03+10.40 12.48+13.73
Laps (number of laps) 16.84+8.09 31.31+11.21%% 13.42+7.40

*Significant difference with the UNFIT group (p<0.05)

ISignificant difference between the STRONG and FIT groups (p<0.05)

#Tendency towards a difference between the STRONG and FIT groups (p=0.06)

School year (1/2/3) indicates the number of participants in each group from year 1, year 2 and year 3.
BMI=Body mass index
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Figure 1 - Physical fitness z-scores and adjusted by tibia length and age bone content, structure and strength according to cluster group

FITNESS © vBMD AND STRENGTH

1.5+ * + o8
*# + = UNFIT 1100

1000+
1.0+ " -= FIT 9004
osd ¥ - STRONG 800-
' 700+
; 600-

400+
3754
350+
325+

Zz-score

&
™
B\
&0\'/ 0(\./
Il STRONG
3 FT
UNFIT

Oimimlsiisial NN
woRhWhY NPV NW

o= Agility z-scores were inverted with lower z-scores representing low agility values
*=Significant difference between FIT and UNFIT groups

#=Significant difference between STRONG and UNFIT groups

+=Significant difference between FIT and STRONG groups



Marin-Puyalto, J. Tesis Doctoral Internacional

similar values than the STRONG group for the strength variables, and also presented high
values for both speed-agility and Laps. Finally, Cluster 3 was labelled as UNFIT as it
showed the lowest values for strength and agility and similar values for Laps than the
STRONG group. Statistical differences among the groups are described in Figure 1.

Descriptive characteristics and group composition are displayed in Table 4.

Regarding bone variables, adjusted age and tibia length results are presented in Figure 1.
No differences were found among groups for total and cortical vBMD, total area and
FRAC _ X. The FIT presented higher values than the STRONG and UNFIT for the SSIPOL,
cortical area and total and cortical BMC (all p<0.05; Figure 1). Additionally, FIT also
presented higher values than the UNFIT for cortical thickness (p<0.05; Figure 1). No
differences were found between the STRONG and UNFIT for any of the measured bone

variables.

DISCUSSION

Bone sexual dimorphism
No bone sexual dimorphism, as reported later in life by previous studies (119,120), was
found in our study. Very few studies have evaluated bone structure in the same age range
sample, with Moon et al. (121) who measured at the 38% of the non-dominant tibia also
finding no differences between 6 year-old boys and girls. Binkley and Specker (109) in a
study aiming to evaluate the validity of pQCT measures in 3 to 4 year olds reported no
differences between boys’ and girls’ tibial values with the same device used in the present
study (Stratec XCT 2000). These findings, in line with ours, suggest that BMC, vBMD and
bone structural sexual dimorphism could emerge later in life, although further research is

needed in this age range population to confirm our results.
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Associations between physical fitness and bone
The findings of the present study suggest that physical fitness might modify bone structure
without stimulating vBMD, which is in line with previous studies. For example, Schoenau
(122) evaluated the association of handgrip and bone strength in 6 to 13 year-old children
finding age-dependent increases in bone strength indexes, cross-sectional and cortical areas
without increases in vBMD, and more importantly, finding positive associations between
handgrip and structural parameters without associations between handgrip and vBMD.
Similar results can be found in older populations, for example when comparing the
dominant radius to the non-dominant radius of tennis players (mean age 30 years). In this
regard, Haapsalo et al. (123) found significant differences between both limbs for most of
the structural variables without finding differences in vBMD. These findings, in line with
ours, suggest that physical fitness stimulates bone structure and not vBMD. Increases in
cortical thickness and in cross-sectional areas entail increases in areal BMD as measured
with DXA, which would explain why so many studies have found benefits of exercise

interventions on areal BMD (53,124).

The negative results of the balance test were expectable as Cadenas-Sanchez et al. (108)
recently published a study evaluating the reliability of the tests included in the PREFIT
battery showing a low reliability for the one leg balance test, suggesting that this test should
be eliminated from the battery. Nonetheless, because data for the present study were already
collected before the publication of the aforementioned study it was decided to present all
the collected physical fitness data and then explore possible associations with bone
variables. Similarly, results from the adapted shuttle run test, which is performed to test
cardiorespiratory fitness, did not predict any of the measured bone variables.
Cardiorespiratory fitness has shown controversial results when evaluating its association

with bone variables in previous studies. Some researchers have found positive associations
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between cardiorespiratory fitness and bone variables measured with DXA in cross-
sectional studies evaluating adolescents (125,126), while others in longitudinal studies
found no association between cardiorespiratory fitness and the enhancement of bone mass
(127). Data from long follow-up studies suggest that only neuromotor fitness (muscular

strength and speed), is related to BMD at adulthood (128,129).

Although there is no clear explanation for the controversial results found when examining
literature regarding cardiorespiratory fitness and bone, it is possible that if, instead of
analyzing each fitness component separately, a holistic analysis was performed clearer
results would emerge. The cluster analysis results support this idea, as those classified as
FIT who presented higher cardiorespiratory levels than both the STRONG and UNFIT,
presented enhanced bone variables. These results are similar to those found by Duckham
et al. (103) who evaluated 7 to 9 year-old children finding that those classified as fit
presented better structural bone variables than those classified as unfit. Summarizing, these
results suggest that although when independently assessed, muscular fitness and agility are
determinant to bone mass, cardiorespiratory fitness is also important in preschool children.
The fact that no differences were found between the STRONG and UNFIT groups for any
of the measured bone variables suggests that for preschool children global fitness (high

levels of all the fitness variables), is more important than just high muscular strength.

Similar results have been found in children (103) and adolescents (99), where physical
fitness has been shown to be critical to bone health. Additionally, previous studies have
shown that differences in physical fitness during adolescence can lead to differences in
BMD during adulthood?. This might suggest that the differences in bone health found
already at the preschool stage could be retained through childhood and adolescence or that

those who are active at young ages are more likely to stay active during adolescence and
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consequently present an improved bone mass during their entire life. Further, long-term

longitudinal studies are needed to confirm this hypothesis.

It is important to notice that similarly to previous studies developed in preschool children
(130) and older children and adolescents (131), we found a high number of pQCT blurred
scans. When comparing our results to previous studies it seems like the percentage of
moved scans decreases with an increase of participants’ age, as in studies developed with
younger participants the percentage of loss was found to be even higher (51% of scans
presented poor quality) (130), while in studies including older participants the percentage
of moved scans seems to decrease as Moon et al. (121) and Cole et al. (132) found a 20.5%
and 16% of moved scans respectively when measuring the diaphyseal tibia in 6 to 7 year-
olds. It is important to acknowledge this loss of scans in our study and in previous ones due
to movement so that further studies aiming to evaluate bone structure with pQCT in young

children take this sample loss into account for sample size calculations.

Strengths and limitations
Although the study presents several strengths such as the measurement of tibia structure
with a pQCT and the assessment of physical fitness with a validated battery it is not exempt
of limitations. Firstly, this is a cross-sectional study, and therefore we cannot conclude that
an increase in any of the physical fitness variables would improve bone structure or
strength, secondly, physical activity and nutrition that could affect bone variables were not
registered and finally, some physical fitness tests like the balance test and the long jump

test have shown poor reliability in previous studies developed in similar age-samples (108).

Conclusions
Regarding the influence of fitness on bone, relative upper- and lower-muscular strength,

and speed-agility predicted all the measured bone variables except for vBMD. Although
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balance and cardiorespiratory fitness did not directly influence any of the measured bone
variables, high cardiorespiratory fitness was one of the main characteristics of the FIT
group that presented higher bone values than the STRONG and UNFIT groups. These
results suggest that global fitness is a key determinant to bone structure and strength, but
not to vBMD in preschool children. Consequently, performing physical fitness tests could
provide useful information related to bone health in preschoolers. Bone mass sexual
dimorphism has still not emerged in 3 to 6 year olds. Further similar studies with

preschoolers are needed in order to corroborate the present results.
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ABSTRACT

Purpose: Vigorous physical activity (VPA) has been proven to promote osteogenesis in
adolescents; however, the specifics of the optimal pattern of frequency and duration of VPA
are unknown. The main goal of the present study was to analyze the associations of
different length of VPA bouts with bone health.

Methods: 180 healthy male adolescents (11-13 years) had their bone mineral content and
density assessed by dual-energy X-ray absorptiometry scans at the whole body, femoral
neck (FN) and lumbar spine and their physical activity measured by an accelerometer
during one week.

Results: VPA was the intensity with the strongest associations with bone mineral
parameters especially at the FN. Subjects whose longest VPA bout was 5 minutes or above
had higher FN bone mineral density (BMD) than those who did not complete any 5-minute
bout and these differences were greater with participants who reached 15 consecutive
minutes of VPA (>15°: 0.977 + 0.020g/cm2; 5°-15’: 0.907 + 0.009g/cm?2; <5’: 0.876 +
0.009g/cm2; all p<0.05). When comparing the relevance of VPA bouts and volume of
physical activity, the group with low volume and having a VPA bout had better FN BMD
compared to the group with high volume but no VPA bout. Additionally, the group with
both high volume and VPA bout showed better FN BMD than the rest of the groups.
Conclusions: VPA may be the most effective activity intensity to improve bone mineral
density and content of adolescent boys, with greater benefits if VPA periods either long or

frequent.

Keywords: Puberty; Osteoporosis; Osteopenia; Prevention; DXA, Physical activity bouts
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INTRODUCTION

Osteoporosis, a disease characterized by a low bone mineral density (BMD), shows a
prevalence for people above 50 years of age of 6.6% for men and 22.1% for women in the
European Union (30) and 16% and 29.9% for men and women respectively in the United
States (32). This bone fragility results in a reduced tolerance to stress and an increased
fracture risk (29). Osteoporotic fractures can, in turn, lead to reduced functionality,
disability and even death (35). Osteoporosis is already an economical burden for healthcare
systems which is expected to rise in the coming years due to demographic changes (30).
Therefore, osteoporosis management and prevention is a main concern for developed

countries (34,133).

One of the key strategies for preventing osteoporosis relies on maximizing the peak BMD
(44,134) reached in early adulthood, since an increase of only 10% on this parameter has
been shown to delay osteoporosis up to 13 years (135). Adolescence is a critical stage for
bone development, as 40% of adult bone mass is accumulated during the pubertal years
(18). It is estimated that around 60% of the interindividual variability in bone mass is due
to endogenous factors such as race, sex or genetics (44). Within the controllable factors
that affect bone mass accrual, weight-bearing physical activity (PA) is among the ones with
the highest impact and therefore an adequate management of this behaviour is crucial for a

healthy bone development (65).

There are several reviews that show strong and consistent positive effects on bone
development of sports practice (55,56), exercise interventions (54,136) and even
participation in unstructured weight-bearing PA (51,52) during childhood and adolescence.

Moreover, structural benefits obtained during puberty are retained later in life (58,59,137).
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High-impact PA has been proven to be effective for improving BMD even in subjects with

a worse genetic predisposition for bone development (57).

Vigorous weight-bearing physical activity (VPA) seems to be the most effective intensity
for bone growth (60,61), even though some associations have been found among bone
mineral parameters and total, light or moderate PA as well, whereas the negative influence
of sedentary time has been observed (62,63). Apparently, complying with the general
recommendations of PA during childhood and adolescence may not be enough to guarantee
an adequate bone development (64) and hence, specific recommendations of daily VPA
have been proposed (62,138). However, frequency, duration and distribution of VPA may
alter the effectiveness of the specific adaptations (66). Nonetheless, to our best knowledge,
this has only been studied in animals (139) and in bone strength parameters at the tibia (66).
A better understanding of the optimal pattern of VPA for the improvement of adolescent
bone health may be decisive for the development of PA recommendations and exercise

interventions aimed for the prevention of osteoporosis.

Therefore, the main goal of the present investigation was to analyze the repercussion of
objectively measured physical activity patterns on bone mass in healthy adolescents,
focusing on the analysis of vigorous physical activity bouts and the overall volume of

physical activity.

METHODS

Participants and study design
A total of 264 healthy Caucasian boys between 11 and 13 years of age from different
schools in Tartu and its surroundings participated in this cross-sectional study between
October 2010 and March 2011 (140-142). The tests included anthropometry and bone

mineral measurements, sexual maturation evaluation and physical activity registration.
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Participants and parents completed a questionnaire of about the child’s general health and
development. Boys who had their participation in physical education classes restricted by
a clinician (due to either chronic illness or medication contraindications) were excluded
from the study, as well as those participants taking medications known to affect bone. No

participant reported smoking or participating in weightlifting training.

The Human Ethical Committee of the University of Tartu, Estonia, approved the study
protocol (179/T-4), which complied with the Declaration of Helsinki (revised in Fortaleza
2013). All the participants and their parents were given a full written description of the
study characteristics and provided signed informed consent prior to the beginning of the
tests. The subjects of the present study were part of a longitudinal study cohort where boys

were followed until they reached pubertal maturity.

Anthropometry, maturation and bone mineral measurements
Height was measured to the nearest 0.1 cm using Martin’s metal anthropometer and body
mass to the nearest 0.05 kg with a medical scale (A&D Instruments Ltd; Abingdon; UK)
while wearing underwear and no shoes. All anthropometric measurements were performed
by the same technician and following the International Society for the Advancement of
Kinanthropometry protocol. Body mass index was calculated dividing the body mass by
the height squared (kg/m2). In order to assess maturation status, skeletal age was
determined with an X-ray scan at the left hand and wrist, according to the procedure of

Greulich and Pyle (79,80).

Bone mineral content (BMC, g) and density (BMD, g/cm2) were measured at the whole
body (WB), lumbar spine (L2 to L4, LS) and femoral neck (FN) using dual-energy X-ray
absorptiometry (DPX-IQ densitometer, Lunar Corporation, Madison, WI, USA). The

measurements were performed in the medium scan mode, with standard positioning and
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participants wearing light clothing. The same examiner evaluated all the scans and results
using the extended analysis option from the proprietary software, version 3.6. Coefficients
of variation were established by duplicate measurement following repositioning of 20 boys

and were below 2% for bone mineral measurements.

Physical activity assessment
In order to evaluate physical activity (PA) participation, participants wore a uniaxial
accelerometer (GT 1M Actigraph, Monrovia, CA, USA) during one week on their right hip.
Data were aggregated into 15-second epoch periods and all intervals of 20 or more minutes
with zero counts were excluded from the register (143,144). Days in which the total
duration of registered data was shorter than 10 hours were considered invalid. Finally, only
registers with a minimum of three valid days (at least one of them during weekend) were

included in the final analysis.

The intensity of the PA was established according to the Evenson cutpoints (sedentary <100
counts/min, light >100 counts/min, moderate >2296 counts/min and vigorous >4012
counts/min) (81,145). According to the original study in which this specific cutpoints were
described, one example of sedentary activity would be sitting in a chair, slow walking
would be classified as light PA, stair climbing or brisk walking as moderate PA, and
bicycling or running as VPA (81). In order to analyze the distribution of VPA, the presence
of VPA bouts was evaluated for each participant. To analyze the distribution of VPA over
time, the consecutive periods (bouts) of VPA were analyzed. In order to be included in the
analysis, the minimum duration of a bout was set at five consecutive minutes of VPA, with

a tolerance of one epoch.

If participation in light and moderate PA was taken into consideration along with the VPA

bouts, four groups can be defined. Participants were classified as either high or low volume
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according to the median value of light and moderate PA participation and as “VPA bout”
or “no VPA bout” regarding whether or not they had at least one 5-minute bout of VPA

during the measurement period (Supplementary table 1).

Statistical analysis
Statistical analyses were carried out with SPSS v22.0 for Windows (Chicago, IL, USA).
After confirming the normality assumption with Kolmogorov-Smirnov tests, variables
were explored for the presence of outliers. Descriptive statistics were obtained for
anthropometric, physical activity and bone mineral variables and presented as mean +
standard deviation. Partial Pearson’s correlation coefficients among bone mineral and
physical activity variables were calculated after adjusting by body mass and skeletal age.
Receiver-operator characteristics (ROC) curves analysis was performed to evaluate the
adequacy of physical activity parameters for predicting bone mineral outcomes. Analysis
of covariance was applied to assess differences in bone mineral status between different
PA participation profiles, with Bonferroni post-hoc tests. Statistical significance was set at

p<0.05.

RESULTS

From the original sample of 264 subjects, a total of 180 participants completed all body
composition measurements and provided valid accelerometry data to fulfill inclusion
criteria. The anthropometric characteristics, physical activity participation and bone
mineral parameters of the sample are presented in table 1. No differences in height, weight,
BMI and both skeletal and chronological age were found between excluded and included

boys (data not shown).
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Table 1 — Descriptive characteristics of the sample (n=180) ?

Anthropometry
Chronological age (y) 12.07 £ 0.69
Skeletal age (y) 11.87+1.06
Height (cm) 154.6 +7.7
Body mass (kg) 47.1£12.5
BMI (kg/m?) 19.5+4.1
Physical activity
Sedentary time (min/d) 544.3+76.0
Light PA (min/d) 237.6 £47.5
Moderate PA (min/d) 40.3 £ 14.2
Vigorous PA (min/d) 19.5+13.6
Total PA (counts/min) 486.3 £ 149.1
Bone mineral parameters
WB BMC (g) 1702 + 346
WB BMD (g/cm?) 0.976 = 0.066
FN BMC (g) 4.067 +£0.642
FN BMD (g/cm?) 0.899 + 0.092
LS BMC (g) 26.87 £6.22
LS BMD (g/cm?) 0.822 + 0.091

Resultados y discusion [Results and discussion]

BMI: Body mass index; PA: Physical activity

WB: Whole body; FN: Femoral neck; LS: Lumbar spine
BMC: Bone mineral content; BMD: Bone mineral density
#Values are expressed as mean + standard deviation

Table 2 — Partial correlation coefficients between physical activity intensities
and bone mineral parameters, adjusted by body mass and skeletal age (n=180) *

Sedentary Light PA  Moderate Vigorous Total PA
(min/d) (min/d) PA (min/d) PA (min/d) (counts/min)

WBBMC (g) -0.045  -0.049 0.094 0.234 0.193
WB BMD (g/cm?)  -0.089  -0.081 0.087 0.141 0.168
FNBMC (g) -0.127  0.042 0.254 0.364 0.337

FN BMD (g/cm?)  -0.108 0.039 0.238 0.317 0.308
LSBMC (g)  0.041 -0.047 0.065 0.201 0.138

LS BMD (g/em?)  0.042 -0.133 0.000 0.096 0.074

?Bold characters indicate significant correlations (p<0.05)
PA: Physical activity; WB: Whole body; FN: Femoral neck; LS: Lumbar spine
BMC: Bone mineral content; BMD: Bone mineral density
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Figure 1 - ROC curves for VPA (min/day) as a predictor of bone mineral parameters
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Table 2 shows the relationships among physical activity, BMC and BMD at different sites,
after adjusting by body mass and skeletal age. The skeletal site that showed the highest
correlation with PA participation was the femoral neck, where both BMC and BMD
presented significant correlations with moderate and VPA as well as with the total PA (all
p<0.05). Moreover, VPA was positively correlated with whole body and lumbar spine

BMC and total PA was related to whole body BMC and BMD (all p<0.05).

Body mass and maturation-adjusted median bone mineral values were used to classify
participants according to their current bone health status. After performing ROC curves
analysis for all activity intensities in each skeletal site, only VPA yielded significant results
for whole body, femoral neck and lumbar spine BMC and femoral neck BMD (area under
the curve (AUC) of 0.605, 0.634, 0.616 and 0.608 respectively, figure 1). Daily time spent
at different physical activity intensities was compared between those subjects who were
above the median for all bone mineral parameters and those who were below the median
in all of them. Particpants who had bone mineral parameters above the median at all regions
(categorized as “good overall status”) spent more time in VPA and had a higher overall
physical activity participation compared to those labelled as “bad overall status”, who were

consistently below the median in all six bone variables (p<0.05; table 3).

Adolescents who engaged in VPA for five consecutive minutes at least once during the
testing period had higher BMC and BMD at the femoral neck and the whole body compared
to those who didn’t (p<0.05; Table 4). However, if the frequency of the participation in
these 5-minute VPA bouts was less than once for every three days, the differences
disappeared. Additionally, further improvements were observed in those boys who extend

their practice of VPA for at least 15 consecutive minutes (all p<0.05; table 4).
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Table 3 — Physical activity profile comparison between bone mineral status categories

Bad overall status Good overall status
(n=66) (n=63)
Sedentary time (min/d) 551.6 £ 69.6 540.1+75.2
Light PA (min/d) 2342 +432 241.5+£56.0
Moderate PA (min/d) 385+13.4 41.2+14.1
Vigorous PA (min/d) 17.0+12.2 22.5+14.3*
Total PA (counts/min) 456.0 £ 127.8 516.9 +168.6*

?Values are expressed as mean =+ standard deviation
*Significant differences between the groups (p<0.05)
PA: Physical activity

Table 4 — Bone mineral parameters after adjustment by weight and biological age in
relation with VPA bouts occurrence, frequency and duration *

Existence of any 5-min

VPA bout No (n=83) Yes (n=97)
WB BMC (g) 1662 < 18 1737 < 17*
WB BMD (g/cm?) 0.967 £ 0.005 0.984 + 0.005%*
FN BMC (g) 3.92 +0.05 4.19 + 0.05*
FN BMD (g/cm?) 0.876 +0.009 0.918 + 0.008*
LS BMC (g) 26.46 +0.49 27.24 +0.45
LS BMD (g/cm?) 0.816 £ 0.008 0.828 +£0.008
Less than once At least once
Frequency of 5-min VPA No bout every every 3 days
bouts (n=83) 3 days (n=41) (n=56)
WBBMC (g) 1662+18 1723 £ 25 1748 + 22*
WB BMD (g/cm?) 0.967 £ 0.005 0.979 £ 0.007 0.988 + 0.006*
FNBMC (g) 3.92+0.05 4.07+0.07 4.28 +0.06*
FN BMD (g/cm?) 0.876 + 0.009 0.903 +£0.012 0.93+0.011*
LS BMC (g) 26.46=+0.49 26.8 +0.69 27.56 £ 0.59
LS BMD (g/cm?) 0.816+0.008  0.826+0.012 0.83 +0.01
Maximum VPA bout No bout Less than 15 min At least 15 min
duration (n=83) (n=81) (n=16)
WBBMC (g) 1662+ 18 1730 + 18* 1773 £ 41*
WB BMD (g/cm?) 0.967 £ 0.005 0.981 +0.005 1.000 £ 0.011*
FNBMC (g) 3.92 +0.05 4.14 £0.05* 4.46 +0.12%F
FN BMD (g/cm?) 0.876+0.009  0.907 + 0.009* 0.977 + 0.020%*T
LS BMC (g) 26.46 % 0.49 27.04 +0.49 2824+ 1.10
LS BMD (g/cm?) 0.816 + 0.008 0.827 +£0.008 0.832+0.019

*Values are expressed as mean + standard error

* Significant differences compared to the group with no bouts (p<0.05)

T Significant differences compared to the group “less than 15 min” (p<0.05)

VPA: Vigorous physical activity WB: Whole body; FN: Femoral neck; LS: Lumbar spine
BMC: Bone mineral content; BMD: Bone mineral density
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Figure 2 - Body mass and biological age-adjusted bone mineral content (g) and density (g/cm?) across different PA patterns
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Four different groups were defined according to the volume and intensity of PA. The
comparison among these groups is presented in table 5, which indicates that there were
significant differences in femoral neck BMD among all four groups showing that the higher
the volume and the intensity the higher the bone parameters (all p<0.05, figure 2).
Additionally, both “VPA bout” groups showed higher values of whole body and femoral

neck BMC compared to the “low volume - no VPA bout” group (all p<0.05; table 5).

Table 5 — Body mass and biological age-adjusted bone mineral parameters across
different PA patterns *

Low volume High volume Low volume High volume
No VPA bout No VPA bout VPA bout VPA bout
(n=41) (n=42) (n=49) (n=43)
WB BMC (g) 1640 £ 25 1683 +£25 1737 £ 23* 1738 +24*
WB BMD (g/cm?)  0.969 + 0.007 0.965 £ 0.007 0.981 £ 0.006 0.987 £ 0.007
FN BMC (g) 3.81 £0.07 4.03£0.07 4.11+0.07* 428 £0.07*
FN BMD (g/cm?)  0.855+0.012 0.897 £ 0.012* 0.91£0.011%*f 0.926 £ 0.011*T*
LS BMC (g) 25.9+0.7 27+0.7 273£0.6 27.1£0.6
LS BMD (g/cm?)  0.817+0.012 0.815+0.012 0.833+£0.011 0.823£0.011

* Significant differences compared to the “low volume —no VPA bout” group (p<0.05)
T Significant differences compared to the “high volume — no VPA bout” group (p<0.05)
! Significant differences compared to the “low volume — VPA bout” group (p<0.05)
PA: Physical activity; WB: Whole body; FN: Femoral neck; LS: Lumbar spine

BMC: Bone mineral content; BMD: Bone mineral density

*Values are expressed as mean + standard error

DISCUSSION

The main finding of the present study was the acknowledgement of the importance of
accumulating VPA activity in continuous periods of at least 5 minutes for the improvement

of whole body and femoral neck bone health in male adolescents.

As expected, among the different intensities of PA, VPA presented the strongest relation
with bone mineral parameters; being the only intensity with statistically significant
relationships with whole body and lumbar spine BMC values and the highest correlation

coefficients with femoral neck BMC and BMD. These results are in agreement with the
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current evidence regarding the effect of PA on bone health, which points towards VPA or
moderate-to-vigorous PA as the ideal intensities to elicit bone growth (60,146,147). It
should be noted that overall PA also indicated significant relationships with whole body
and femoral neck BMC and BMD, suggesting that PA volume may also play a role in bone
development. Similar results have been reported in other studies (83,148) and this

relationship may be exclusive to boys (148).

The skeletal region that seemed to be more affected by all moderate, vigorous and overall
PA was the femoral neck. This site is of special importance for osteoporosis prevention,
since it is one of the most prevalent locations of osteoporotic fractures (30). Moreover, the
detection of osteoporosis is based on the measurement of femoral neck BMD (149). These
results may be due to the highest responsiveness of cortical bone in contrast to trabecular
bone (150,151). However, this cannot be inferred from our results, as the methods used for
bone mineral assessment do not allow for the differentiation between cortical and trabecular

bone.

Regarding the ROC curves analyses, even though VPA reached statistical significance for
the classification of bone mass status, the correspondent AUC were low and therefore the
accuracy of VPA to stratify the sample according to bone mineral parameters was limited.
It has been proposed that VPA and moderate-to-vigorous PA are best fit to identify those
individuals with excellent bone health (>2 SD above the mean) rather than those with poor
bone mineral status (>1 SD below the mean) (64). Unfortunately, we were not able to test
these results within our sample, since only 5 participants presented BMC values
corresponding to the excellent category. However, when grouping the sample according to
the global bone mass status, higher levels of vigorous and total PA were found among those

subjects who were consistently above the median value for BMC and BMD at every
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skeletal site than those participants that were consistently below the median. This finding

further highlights the importance of VPA for bone mass of male adolescents.

It has been suggested that not only the time spent in VPA but also the pattern of this activity
might be relevant for bone accretion during puberty (66). In order to test that, accelerometry
registers were scanned and all periods of at least five consecutive minutes of VPA were
retrieved for each subject. Both the quantity and the maximum duration of these periods
showed a positive association with whole body and femoral neck BMC and BMD within
the sample. More specifically, it seems that it is necessary to participate in VPA bouts at
least once every three days for 5 consecutive minutes in order to benefit from this
improvement. Additionally, those participants who engaged in VPA for longer periods (15
consecutive minutes or more) had even higher bone mass and density at the femoral neck
and at the whole body. These results suggest that in order to optimize the beneficial effects
of PA on bone health when developing PA recommendations or designing exercise
interventions, VPA practice should be aggregated in periods of at least 5 minutes, taking
into account that if it is possible to extend the duration or frequency, better results should

be expected.

To our knowledge, one study has analyzed the relative importance of light and moderate to
VPA and found that those subjects with a higher proportion of moderate-to-vigorous PA
presented higher values of subtotal BMC, BMD and bone area (152). In order to analyze
the importance of volume and intensity of physical activity the sample was split according
to the presence of at least one 5-min VPA bout and then both groups were further
subdivided using the median score of the daily minutes of light and moderate PA. The
relative homogeneity of the sample sizes of the different groups should be highlighted,
since it shows that PA volume and intensity may be considered as independent entities.

According to our results, all four groups differed in their femoral neck BMD content with
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the “high volume — VPA bout” group presenting the highest values, followed by the “low
volume — VPA bout” category. It is interesting to note that in comparison to the “low
volume — no VPA bout” group, only those adolescents in the “VPA bout” groups showed
higher values of whole body and femoral neck BMC, whereas the “high volume —no VPA
bout” category did not present these improvements. According to these results, an increase
in both volume and intensity of PA can be beneficial for the least active subjects, but the

focus should be put in participating in VPA.

This study has some limitations that should be acknowledged. The cross-sectional design
of the study did not allow to infer causal relationships. Also, the lack of a nutritional
assessment made controlling the calcium intake impossible. Moreover, as it has been
mentioned, even though a reference standard method was used for the bone mineral
assessment it does not allow to differentiate between cortical and trabecular tissue and
therefore bone structure was not analyzed. Additionally, the impossibility of analyzing the
raw acceleration data directly hindered the precise evaluation of the number of impacts at
different intensity levels and its effects on bone structure, as suggested by Vainionpii et
al. (153). It should also be taken into account that these results are only applicable for early
pubertal boys. Research is needed to clarify if these effects are also present in girls, since
they follow a different maturation process. Further research could also clarify the specific
effects of VPA bouts on cortical and trabecular bone and longitudinal studies could analyze

the evolution of BMC and BMD in relation to diverse VPA patterns.

Conclusions
Taking into account that both volume and intensity of PA are relevant, VPA seems to be
the most effective activity intensity to improve bone mineral density and content of

adolescent boys, especially at the femoral neck. These benefits appear when VPA is
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accumulated in uninterrupted periods of 5 minutes for at least once every three days and

can be even greater if the duration is extended to 15 minutes of consecutive VPA.
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ABSTRACT

Purpose: The main purpose of the study was to analyze the effects of different patterns of

vigorous physical activity (VPA) on bone development.

Methods: One-week accelerometry registers and dual-energy X-ray absorptiometry scans
at the whole body, hip and lumbar spine of 140 healthy male adolescents (11-13 years, at
baseline) were performed twice with a one-year interval between measurements.. Four
patterns of VPA evolution (“low-low”, ”low-high”, ”high-low” and “high-high”) and three
patterns of bone growth (“optimal”, ”mean” and “reduced”) were defined according to the
median participation in VPA and a cluster analysis of the longitudinal changes in BMC and
BMD in all sites measured, respectively. Bone mineral parameters were adjusted for

skeletal age and body weight prior to statistical comparison among groups.

Results: Participants in the “low-high” group had greater adjusted BMD increases at both
the femoral neck and lumbar spine when compared to the “low-low” group (estimated mean
(95%CI): 0.066 (0.047-0.085) vs. 0.034 (0.021-0.047) g/cm2 and 0.074 (0.054-0.093) vs.
0.049 (0.035-0.062) g/cm2 respectively, both p<0.05). Femoral neck BMD adjusted
increase was also different between the “high-high” and the “high-low” groups (0.053
(0.041-0.066) vs. 0.030 (0.011-0.049) g/cm2, p<0.05). Additionally, a higher percentage
of “optimal” growth was found in the “low-high” group than in the “low-low” and “high-

low” categories (36.3, 12.5 and 13.6% respectively, p<0.05).

Conclusions: Engaging in VPA as well as maintaining high levels of VPA during puberty
are associated with greater gains in bone mass, which can have an impact in future bone

health.

Keywords: Adolescence, accelerometry, growth profile, cluster analysis
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INTRODUCTION

Osteoporosis is one of the most prevalent metabolic skeletal diseases, affecting an estimate
of 27.5 million people in the European Union (30) and 10.2 million older adults in the
United States (154). The osteoporotic patients suffer a decrease in bone mineral density
(BMD) that implies a reduced tolerance to stress, and consequently, even a low-magnitude
impact could cause a bone fracture (29). These fractures can result in reduced functionality,
disability and even death (35). The management and prevention of osteoporosis is one of

the main challenges for healthcare systems in developed countries (34).

Even though approximately 60-80% of bone mass is determined by genes or other
unmodifiable factors (44,155), lifestyle choices play a crucial role in bone mass accrual and
the optimization of its influence is vital for bone health (65). Maximizing the peak BMD
attained in early adulthood (18) is an important strategy aiming osteoporosis prevention, as
it is estimated that an increase of one standard deviation in peak bone mass could reduce

later fracture risk up to 50% (156).

In a systematic review, the National Osteoporosis Foundation identified and graded the
evidence of the effect of various lifestyle factors on peak bone mass and strength (16).
Participation in physical activity (PA) and exercise showed the highest level of evidence
for increasing peak bone mass and density (16). Additionally, there are several reviews that
indicate that participation in unstructured weight-bearing PA and sports during childhood
and adolescence has strong and consistent positive effects on bone development
(52,157,158). It has been observed that mechanical stress stimulates an osteogenic response
which can be the result of both muscle contraction and gravitational impact forces (159)
both present in weight-bearing PA. This mechanical stress is required to have certain

characteristics, and in order to maximize its effects on bone it should be dynamic, intense,
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brief, intermittent and including unusual loading (160), suggesting that physical activity

should be vigorous and varied.

Early puberty represents an optimal window of opportunity in order to increase of bone
mass and strength that might not be present later in life (158). Moreover, it has been stated
that PA participation undertaken during puberty may have greater positive effects than
pharmacological interventions in adults with osteoporosis (158). It is important to highlight
that PA practice during puberty may have long term positive effects, since benefits in bone

mass and structure obtained during this stage are retained later in life (134,161,162).

In a recent review from Poitras et al. (52), 12 cross-sectional and eight longitudinal studies
regarding the influence of PA on bone health during growth were described and analyzed.
In an evaluation of more than 300 children in a 10-year longitudinal study it was observed
that vigourous PA (VPA) correlated with bone mineral content (BMC) at weight bearing
sites througought all the evaluations and therefore it was concluded that the main focus
should be put in VPA interventions (146). Regarding the necessary amount of physical
activity to achieve an osteogenic response it has been indicated that 3 hours per week are
enough to elicit an increase in bone mass (65), whereas 32 minutes per day of VPA

participation have shown benefits for the femoral neck BMD (64).

Only one of the previously mentioned studies longitudinal studies took into consideration
the PA trajectories (163), understood as the longitudinal evolution of the PA participation.
In this paper, moderate to vigorous PA trajectories were examined and related with changes
in BMC, BMD and strength at various sites. It was found that a high participation in
moderate to vigorous PA during childhood led to bone strength benefits in late puberty. A

more detailed analysis of VPA evolution could help understanding the relationship between

-135-



Marin-Puyalto, J. Tesis Doctoral Internacional

PA activity and bone growth, since VPA is the activity intensity that is associated with

higher changes in bone parameters (60,164).

The main objective of this investigation was, thus, to analyze the effects of different
longitudinal PA participation patterns on bone growth in healthy, early pubertal boys. More
specifically, the link between bone development and both present and previous particpation
in VPA will be analyzed. This could help determining if bone response to VPA is dependent

on previous activity history.

METHODS

Participants and study design
From the initial sample of 264 healthy boys between 11 and 13 years of age at baseline
from different schools in Tartu (Estonia) that took part in this longitudinal study, 140
completed all measurements at both time points and were included in this study (figure
Al). Participants were required to have no restriction from participating in PA by their
physicians. The initial tests included anthropometry and bone mineral measurements,
skeletal maturation evaluation and physical activity registration. These tests were repeated
one year after the original measurements. The study protocol followed the ethical
guidelines of the Declaration of Helisinki (revised in Fortaleza 2013) and was approved by
the Human Ethical Committee of the University of Tartu, Estonia (179/T-4). Signed
informed consent was retrieved from all the participants and their parents prior to the
beginning of the tests. They were also given a full written description of the study

characteristics before signing the informed consent.

Anthropometry and bone mineral assessment
Participants entered the anthropometric and bone mineral evaluation wearing light clothing

and no shoes. Height was measured to the nearest 0.1 cm and body mass to the nearest 0.05
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kg using Martin’s metal anthropometer and a medical scale (A&D Instruments Ltd;

Abingdon; UK) respectively.

Dual-energy X-ray absorptiometry (DPX-IQ densitometer, Lunar Corporation, Madison,
WI, USA) was used to assess BMC (g) and BMD (g/cm?2) at the whole body (WB), lumbar
spine (L2 to L4, LS) and femoral neck (FN). The measurements were performed in the
medium scan mode, with standard positioning. All scans and result evaluations at both
baseline and follow-up were carried out by the same examiner, using the extended analysis
option from the proprietary software (enCORE, version 3.6). Coefficients of variation for
bone mineral measurements were below 2%. Bone mineral apparent density (BMAD) was

calculated following the formulas provided by Katzman et al. (165) and Carter el al. (39).

In order to assess the maturation status, participants had their skeletal age assessed by X-
ray scans at the left hand and wrist, according to the method set by Greulich and Pyle

(79,80).

Physical activity evaluation
PA participation was assessed by means of a uniaxial accelerometer (GT1M Actigraph,
Monrovia, CA, USA) that the participants wore on their right hip during one week. After
aggregating data into 15-second epoch periods, all intervals of zero counts lasting 20
minutes or more were removed from the analysis. All registers with less than 3 days without
at least 10 hours of valid data were excluded from posterior analyses. The intensity of the
physical activity was established according to the Evenson cutpoints (sedentary activity
<100 counts/min, light activity >100 counts/min, moderate activity >2296 counts/min,
vigorous activity >4012 counts/min) (81,145). In order to analyze the distribution of VPA,
the presence of VPA bouts was evaluated for each participant. To analyze the distribution

of VPA over time, the consecutive periods (bouts) of VPA were analyzed. In order to be
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included in the analysis, the minimum duration of a bout was set at five consecutive minutes
of VPA (166). In order to assess the evolution of the PA participation over time, both the
mean time and the difference of time spent in each activity intensity between both years

was calculated.

Participants were divided according to their participation in VPA at baseline. Since the
analysis of VPA distribution did not expose a clear cut-off point, the median value of the
140 participants (15.5 minutes per day) was used in order to obtain two groups with the
same sample size. Then, the participation in VPA during the follow-up measurement
(median: 17.75 minutes per day) was used to further divide the original groups, thus
obtaining four categories (“low-low”, “low-high”, “high-low” and “high-high”) by taking

into account the involvement in VPA at both time points.

Statistical analysis
Cluster analyses were used to generate bone growth profiles based on the variation of BMC
and BMD (adjusted for change in body mass and bone age). Hierarchical and
nonhierarchical clustering methods were combined in a two-step analysis (167). A
hierarchical cluster analysis, using Ward’s method based on squared Euclidian distances,
was used as a preliminary step to identify the cluster solutions. These extracted cluster
centers served as non-random starting points in an iterative, non-hierarchical k-means

clustering procedure that formed the definitive clusters.

Normality assumption was confirmed with Kolmogorov-Smirnov tests and the outlier
presence was explored for all variables. Partial Pearson’s correlation coefficients among
change in bone mineral parameters and PA variables were calculated after adjustment by
change in body mass and skeletal age. Analysis of covariance was used for the intergroup

comparisons (VPA evolution and bone growth clusters), as well as repeated measures
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Table 1 — Baseline characteristics of the sample

All participants
Age and body composition (n=140) Low-Low (n=48) High-Low (n=22) Low-High (n=22) High-High (n=48)
Skeletal age (years) 11.85+1.07 11.92+0.73 12.00 £ 0.61 12.33+0.72 12.04 £ 0.65
Height (cm) 1543+7.5 153.1+7.3 1552+ 6.0 155.9+£9.1 1545+ 7.6
Body weight (kg) 47.0+12.5 49.4 + 14.6 464+ 11.8 49.7+13.6 43.6+9.2
Fat mass (kg) 11.4+8.4 14.4+9.7 9.8+6.7 12.5+£9.2 8.5+ 5.9*
Lean mass (kg) 33.0+£5.7 323+£5.8 340+5.3 345+7.4 32.7+4.8
Physical activity
Sedentary time (min/day) 545.2+75.6 574.8+89.3 528.1+47.5 559.1+78.4 517.1 £ 57.0%*
Light PA (min/day) 234.4+47.0 228.3+51.7 241.9+43.3 224.9 +£38.8 241.5+47.0
Moderate PA (min/day) 394+ 14.5 32.1+10.8 44.0 £ 13.5* 350+11.2 46.5 + 15.5%
Vigorous PA (min/day) 18.7+13.2 83+3.7 23.2 £ 7.4% 10.9 + 3.8° 30.7 £ 13.2%
Overall PA (counts/min)  476.2 + 151.3 367.7+89.5 534.0 £ 125.2* 401.7 + 86.57 591.3 + 139.7¥

-6¢1 -

VPA cutpoint at baseline: 15.5 min/day; VPA cutpoint at follow up: 17.75 min/day
* Significant differences compared to Low-Low group (p<0.05)

T Significant differences compared to High-Low group (p<0.05)

“Significant differences compared to Low-High group (p<0.05)

Values are expressed as mean =+ standard deviation
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ANCOVA to test the group by time interaction. Changes in body weight and skeletal age
were used as covariates for this analysis. Cross tabulation of the VPA and bone growth
groups was performed and the chi-square statistic was calculated to assess the homogeneity
of the group distributions. All statistical analyses were carried out with SPSS v22.0 for

Windows (Chicago, IL, USA). Statistical significance was set at p<0.05.

RESULTS

Results are shown only for those subjects who attended both bone mineral evaluations and
provided enough valid data at both the baseline and the follow-up measurements (figure
Al), which comprised a total of 140 participants. A full description of the sample

characteristics at baseline can be found in table 1.

The relationship between PA evolution with BMC and BMD change, after adjustment for
changes in body mass and skeletal age, is presented in table Al. Both the mean and the
variation of the time spent practicing VPA intensities showed a small positive correlation
with the change in BMD at the WB (mean: 0.214; variation: 0.198, both p<0.05, table 1)
and the FN BMD (mean: 0.245; variation: 0.254, both p<0.05, table 1). When looking at
the mean of the overall PA participation we can only find significant correlations with the
FN BMD (0.168, p<0.05, table A1). It should be mentioned that even though these results
are statistically significant, the correlation coefficients are very small, with the highest R?

being 6.5% (VPA difference — FN BMD).

Figure 1 and table 2 show the baseline and follow-up values of BMC and BMD (after
adjustment for body mass and skeletal age) at all sites measured, whereas table 3 presents
the change in these variables over time. All the groups showed statistically significant
increases over time for BMC and BMD at all regions measured. All the differences found

at baseline (WB, FN and LS BMC and FN BMD) disappear at follow-up for the “low-high”
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Figure 1 — Baseline and follow-up bone mineral parameters according to vigorous physical activity groups
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Table 2 — Bone mineral parameters (after adjustement for skeletal age and body weight) according to
different vigorous activity evolution patterns

Baseline Follow up
Bone mineral Low High Low - Low High - Low Low - High High - High
parameters (n=70) (n=70) (n=48) (n=22) (n=22) (n=48)
WB BMC (g) 1660 * 20 1738 £ 20 1879 + 32 2023 £ 46* 1974 + 47 2028 + 32*
WB BMD (g/cm?) 0.971 £0.006  0.984 +0.006 0.999 £+ 0.008 1.014+0.012 1.020£0.012 1.023 £ 0.008*
WB BMAD (g/cm?) 0.089 £0.001  0.088 +0.001 0.086 £ 0.001 0.085 £0.001 0.087 £0.001 0.086 £ 0.001
FN BMC (g) 3.89+£0.06 4,22 +£0.06 4.203 +£0.081 4533 £0.118* 4.530+£0.119* 4.745 £ 0.081*
FN BMD (g/cm?) 0.875+0.010 0.919 +0.010 0.898 +0.013 0.933 +0.019 0.958 £0.019*  0.983 +£0.013*"
FN BMAD (g/cm?) 0.197 £0.003  0.202 + 0.003 0.194 £ 0.003 0.196 £ 0.005 0.204 £ 0.005 0.206 £ 0.003*
LS BMC (g) 26.05 + 0.55 27.67 £ 0.55 29.49 +0.82 32.12+£1.20 33.25+1.20% 33.25+£0.82%
LS BMD (g/cm?) 0.820+0.009  0.831 +0.009 0.863 +£0.013 0.891 +£0.019 0.900 +0.019 0.894 £ 0.094
LS BMAD (g/cm?) 0.147 £0.002  0.144 £ 0.002 0.149 + 0.002 0.150 £ 0.003 0.149 £ 0.003 0.148 +£0.002

VPA cutpoint at baseline: 15.5 min/day; VPA cutpoint at follow up: 17.75 min/day

Bold characters indicate significant differences between groups at baseline

* Significant differences compared to Low-Low group (p<0.05)

T Significant differences compared to High-Low group (p<0.05)

WB: Whole body; FN: Femoral neck; LS: Lumbar spine

BMC: Bone mineral content; BMD: Bone mineral density; BMAD: Bone mineral apparent density
Values are expressed as mean + standard error



Table 3 — Bone growth parameters according to different vigorous activity evolution patterns

_ . _ . _ . . _ Group by time
Low-Low (n=48) High-Low (n=22) Low-High (n=22) High-High (n=48) ‘nteraction

A WB BMC (g) 245 £ 16 272 £ 24 278 + 24 288+ 16 0.027
(14.9 % 0.8%) (15.7 + 1.2%) (15.6 + 1.2%) (16.5 £ 0.8%)

A WB BMD (g/cm?) 0.030 = 0.003 0.028 £ 0.005 0.044 + 0.005* 0.039 + 0.003 0.059"
(3.2 £0.3%) (2.8 = 0.5%) (4.3 = 0.5%) (3.9 0.3%)

A WB BMAD -2.73+£0.54 -3.46 +0.80 -0.55 + 0.80*F -2.18+0.54 0.053
(mg/em?) (-2.9 + 0.6%) (-3.7+ 0.8%) (-0.9 + 0.8%) (-2.4 % 0.5%)

A FN BMC (g) 0.361 +0.044 0.370 + 0.065 0.562 + 0.065%*F 0.481 +0.044 0.061°
(9.4 £ 1.0%) (9.1 £ 1.5%) (13.7 £ 1.6%) (11.6 £ 1.0%)

A FN BMD (g/cm?) 0.034 + 0.007 0.030+0.010 0.066 + 0.010%*F 0.053 + 0.006*T 0.080
(4.1+0.7%) 3.4+ 1.1%) (7.3 + 1.1%) (5.6 +0.7%)

A FN BMAD (mg/cn’) 0.50 £ 1.93 -3.00 +2.85 2.95+2.86 1.17+1.92 0.017
(0.5 + 1.0%) (-1.4+ 1.5%) (1.4 % 1.5%) (0.7 + 1.0%)

A LS BMC (g) 423 +0.44 4.56+0.65 6.12 + 0.65* 5.22+0.44 0.047
(16.6 £ 1.5%) (16.9 £ 2.2%) (21.1 £2.1%) (18.2 £ 1.4%)

A LS BMD (g/cm?) 0.049 + 0.007 0.056 +£0.010 0.074 £0.010%* 0.062 = 0.007 0.035
(6.0 + 0.8%) (6.7 % 1.2%) (8.7 1.2%) (7.4 % 0.8%)

A LS BMAD (mg/cm?) 1.52+1.14 3.04 +1.67 446 +1.68 406+ 1.13 0.024

(1.1%0.9%)

2.1+1.3%)

(3.1 £ 1.3%)

(3.2 % 0.9%)

VPA cutpoint at baseline: 15.5 min/day; VPA cutpoint at follow up: 17.75 min/day * Significant differences compared to Low-Low group (p<0.05)

" Significant differences compared to High-Low group (p<0.05) ~Significant group by time interaction (p<0.05)
WB: Whole body; FN: Femoral neck; LS: Lumbar spine; BMC: Bone mineral content; BMD: Bone mineral density
BMAD: Bone mineral apparent density. Values are expressed as mean + standard error
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group. Moreover, significant differences with the “low-low” were found at follow-up for
femoral neck BMC (low-low: 4.203, low-high: 4.530 g; p<0.05) and BMD (low-low:
0.898, low-high: 0.958 g/cm2; p<0.05). Additionally, when comparing BMC and BMD
changes, it was observed that the “low-high” group shows higher increases for all bone
mineral variables except WB BMC than the “low-low” group and also greater growth than
the “high-low” group for WB BMD and FN BMC and BMD (table 3, all p<0.05). For the
change in BMAD, the only significant differences were found at the whole body (low-low:

-2.73, high-low: -3.46, low-high: -0.55, p>0.05).

The cluster analysis and the posterior categorization created three clearly defined groups
according to bone growth, as illustrated in table 4. When comparing the PA participation
of the different bone growth groups, it could be observed that the only differences between
the optimal and the reduced growth groups were found in the VPA and its maximum bout
duration (table 4). Regarding the relative distribution of the bone growth and VPA groups,
shown in figure 2, a trend for an heterogeneous distribution of the groups was found (y2:
10.76, p=0.096). If the “mean growth” group is excluded from the analysis, statistical
significance is reached (y2: 9.26, p=0.026), with the “low-high” group showing the highest
percentage of subjects with optimal growth (36.3%) and the “low-low” (12.5%) and “high-

low” (13.6%) showing the lowest proportion of “optimal growth” participants.

DISCUSSION

The main finding of the present study was that engaging in VPA during puberty stimulates
bone growth especially in subjects who were in the low-VPA group at baseline. This
implies that adolescents engaging in VPA during early puberty are still able to reach BMD
values that are similar in comparison with previously active children. The high

responsiveness of the bone tissue to VPA during puberty was indicated in most sites by
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Table 4 — Physical activity participation (mean of baseline and follow up) and bone
mineral parameters (difference follow up - baseline) according to different bone

development patterns

Optimal growth ~ Mean growth ~ Reduced growth
Physical activity (n=29) (n=58) (n=53)
Sedentary time (min/day)  568.0 + 61.8 547.8 + 69.4 563.4 + 68.1
Light PA (min/day)  210.6 +38.8 227.1 £38.1 218.1+£39.7
Moderate PA (min/day) 36.1+12.9 37.8+12.2 37.8 £13.0
Vigorous PA (min/day) 23.2+14.5 21.3+£14.2 17.1+£9.1*
Overall PA (counts/min)  468.7 + 159.1 483.3+ 1514 4452 +111.6
Time in vigorous PAbouts o) 4 ¢4 3.70 + 4.49 2.8845.32
(min/day)
Maximum bout duration (min) 10.38 £ 6.18 8.09 +4.59 6.98 + 5.49%*
Difference in bone mineral parameters ?
WB BMC (g) 441 £78 260 + 75* 184 £ 61%*7
WB BMD (g/cm?)  0.065+0.010  0.037 £ 0.009* 0.017 £ 0.008*¢
FNBMC (g) 0.897+0.153 0.429+0.160* 0.189 +0.125%}
FN BMD (g/cm?)  0.106 £0.016  0.048 £0.017* 0.008 + 0.013*7
LS BMC (g) 9.82+1.39 475+ 1.52* 2.43 £1.20*F
LS BMD (g/cm?)  0.124+0.015  0.060 +0.016*  0.020 = 0.013*F

Values are expressed as mean + standard deviation
* Adjusted for difference in skeletal age and body weight

* Significant differences compared to optimal growth group (p<0.05)

T Significant differences compared to mean growth group (p<0.05)

PA: Physical activity; WB: Whole body; FN: Femoral neck; LS: Lumbar spine
BMC: Bone mineral content; BMD: Bone mineral density

Figure 2 — Relative distribution of growth profiles across physical activity groups
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VPA cutpoint at baseline: 15.5 min/day; VPA cutpoint at follow up: 17.75 min/day
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higher bone growth in subjects who increased their participation in VPA compared to those

subjects who were vigorously active at baseline but were below the median at follow-up.

The analysis of the correlations between mean PA and bone mineral acquisition
complements previously published data (141). The previous analyses focused solely in the
changes in PA participation and consequently did not discriminate those subjects who
remained physically active throughout the study from those who showed low levels of PA
participation during the same period. The longitudinal associations among overall and VPA
with BMC and BMD are in accordance with previous studies (168). It is important to notice
that not only the mean participation in VPA was related to bone growth but its variation as
well, indicating that both engaging into and maintaining high levels of VPA participation
can positively affect bone accretion. This is further supported by the results obtained in the
cluster comparison, with the “optimal growth” group having the highest levels of VPA
participation. The rest of the activity intensities did not correlate with bone growth, which
is in accordance with previous studies, especially in boys (147,169,170). However, as it
has been mentioned, it should be taken into account that the correlation coefficients found
are very small and the highest variance explained was only 6.5%, between VPA difference
and FN BMD. It should be taken into account that the current one-year study period might
have been too short for detecting the influence of lower intensity activities to bone mineral
parameters. The results found are in accordance with the mechanostat theorem (45), which
states that the mechanical load exerted on bone during PA can stimulate bone remodeling,

affecting bone mineral content and structure.

The FN is the skeletal site that showed the highest association with PA parameters, which
could be due to the highest responsiveness of cortical bone to physical stimulus (150,151).

Despite being unable to test this in our sample, given that the method used does not allow
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for cortical and trabecular bone discrimination, the responsiveness of FN bone to continued

PA is relevant, since a high proportion of osteoporotical fractures occur in this region (30).

The evolution of the overall PA and the moderate to vigorous PA trajectories have already
been related to bone mass and structure (163). The division of the sample into different PA
patterns was done following the method used by Janz et al. (163) with the difference that it
was applied using VPA instead of overall activity. At baseline, those subjects who were
above and below the median value of VPA differred in their BMC at all sites and the FN
BMD. At follow-up, however, all these differences disappeared for the subjects who started
participating in VPA (“low-high” group). This finding further indicates the importance of
intense PA for bone accrual and the resulting peak bone mass. Incorporating vigorous PA
to daily routine might help optimizing bone accrual to previously inactive subjects.
Particularly, at the FN, statistically significant differences emerged from the “low-high”
group and the “low-low” group. The “low-high” group showed greater growth in bone mass
and density than both groups who were below the median VPA at follow-up. In contrast,
subjects who stopped practicing VPA (“high-low” group) reported lower BMD values at
the FN compared to “high-high” group. Nonetheless, the differences with the “low-low”
group remained significant for the WB and FN BMC. This benefits, however seem to be
limited to areal BMD, greater increases of BMAD were only found for the “low-high”
group at the whole body. This may be caused by an increase in bone size along the increase

in areal BMD.

When analyzing growth profiles, three clearly defined groups emerged. The main
difference between the “optimal” and the “reduced” growth groups was observed in the
VPA and its maximum bout duration. As it has been shown, the “low-high” group had the
greatest percentage of participants who experienced an improved gain of BMC and BMD

at all measured sites.
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These results point to an enhancing effect of VPA on bone development during puberty.
As it has been shown, bone formation is stimulated by the physical stress produced by VPA
practice (171) and early puberty is a stage in which bone is particularly responsive to this
stimulus (56,158). It seems that osteocytes play a crucial role in the physiological response
of bone, stimulating osteoblastic activity in the presence of mechanical loads while
increasing bone resorption in the absence of mechanical strain (172). According to our
results, participation in unstructured VPA seems to provide a mechanical load that is

sufficient to elicit an osteogenic response following the mechanostat theorem (45).

This increase in BMC and BMD has been observed in our sample with participants who
engaged in VPA during the follow-up independently of their previous activity. However it
should be pointed out that initial VPA led to a higher bone mineral status and these benefits
were maintained after activity cessation, as it has been suggested by previous research

(158,162).

The one-year follow-up design, as well as the approach used in the analysis of the evolution
of PA participation are among the main strengths of this study, alongside with the
employment of objective measures for the PA evaluation and gold standard reference
methods for the bone mineral assessment. The lack of a PA intervention and a control group
with no exercise does not allow to infer causal relationships and is one of the main
limitations that should be taken into account. Also, bone structure was not evaluated due to
the bidimensional nature of the bone assessment method. It should also be acknowledged
that no nutritional status evaluation was performed and therefore the possible effects of diet
on bone parameters were not controlled in the present study. The analysis of longitudinal
changes in bone structure or specific adaptations in cortical or trabecular bone related to

PA could be the scope for future research.
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As a conclusion, both engaging and maintaining high levels of VPA participation during
puberty are associated with greater gains in bone mass and density, especially at the femoral
neck, where the increase in BMD for the “low-high” group almost doubled the increase
found in both “high-low” and “low-low” groups. An interesting conclusion that can be
drawn from our results is that engaging in VPA during early puberty can result in increased
bone growth, regardless of previous activity levels. Additionally, these benefits could be

preserved even after activity cessation.
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4.4 Is Vibration Training Good for Your

Bones? An Overview of Systematic Reviews
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ABSTRACT

Whole-body vibration (WBYV) intervention studies and reviews are increasing lately.
However, the results regarding its effects on bone tissue in different populations are still
inconclusive. The goal of this overview was to summarize systematic reviews assessing the
effects of WBYV training on bone parameters. Three electronic databases were scanned for
systematic reviews and meta-analyses evaluating the effects of WBV on bone tissue. The
search had no time restrictions and was limited to articles written in English. Vibration
protocols and the main bone parameters included in each review were extracted.
Methodological quality was assessed and analyses were conducted stratifying by age. 15
reviews and meta-analyses fulfilled the inclusion criteria. No increase or small
improvements in bone mineral density (BMD) after WBYV interventions were observed in
reviews regarding postmenopausal women. One intervention study regarding young adults
was included and reported no bone-related benefits from WBV. Most reviews including
children and adolescents with compromised bone mass showed an improvement of BMD
at lower limbs, lumbar spine and whole body. In conclusion, WBYV interventions seem to
help children and adolescents with compromised bone mass to increase their BMD, but
these improvements are limited in postmenopausal women and there is insufficient
evidence for young adults. Further research is also needed to identify the ideal parameters

of WBYV training focused on bone health.
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INTRODUCTION

Osteoporosis has been defined by the World Health Organization as a skeletal disease
characterized by “low bone density and microarchitectural deterioration of bone tissue with
a consequent increase in bone fragility and susceptibility to fracture” (173). Osteoporosis
and its related fractures are becoming an important public health concern, since they affect
both quality of life and mortality of individuals (174) and generate health costs (175). Even
though this disease is more common among postmenopausal women, men can also suffer
from it and, in some cases, its origin can be traced back to a low bone mass during
adolescence and adulthood (37). Therefore, the accrual of bone mineral density (BMD) is
crucial in order to prevent or retard osteoporosis (176).

It has been widely tested that physical activity (PA) through lifetime as well as specific
training programs have a beneficial influence on bone mass (177). For this reason, the
promotion of regular PA has been advocated as one of the main non-pharmacological

measures for improving bone health (178).

Since Rubin et al. showed that low-magnitude high-frequency mechanical accelerations
may produce a strong osteogenic response in animals (70) and humans (69), whole-body
vibration (WBV) has become a topic of interest. Indeed, this marked increase in the use of
WBYV has led to the apparition of both narrative (179—182), systematic (50,183—-196) and
also state-of-science (197) reviews focusing on different aspects, outcomes or populations

within this exercise training modality, as well as its safety for clinical practice.

WBYV training uses high-frequency mechanical stimuli generated by a vibrating platform
and transmitted through the body (198). The platforms vary in the type of vibration

produced (vertical or side-alternating) and the range of amplitudes and frequencies
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available (199). The exact nature of the mechanism by which WBV training stimulates

osteogenesis is still not certainly known (199).

The large number of studies published in the last years concerning the effects of WBV in
different aspects and populations allows gathering the currently existing knowledge about
the effects of this type of training on bone mass. However, there are still discrepancies
among the reviews regarding the actual efficacy of this type of training for the improvement
of bone mass throughout the diverse stages of life. Therefore, the main objective of this
overview is to provide a global and summarized perspective of all current evidence

regarding the effects of WBV training on bone mass.

METHODS

Data sources and search strategy
This study followed the overview methodology proposed by Smith et al. (86) and the

framework provided by the Cochrane network (87).

Reviews were identified by searching electronic databases, scanning reference lists of
reviews and consultation with experts in the field. This search was applied to PubMed,
SportDiscus and the Cochrane Library. The search had no time restrictions set and was
conducted up to and including 1 October 2018. The database-specific search terms were

the following:

e PubMed: “vibration” [Title/Abstract] AND ((Meta-Analysis[ptyp] OR
Review[ptyp]) AND "humans"[MeSH Terms]).

e Cochrane Library: "vibration" in Title, Abstract, Keywords (Word variations
have been searched) (only Cochrane Reviews and Other Reviews sections).

e SportDiscus: vibration AND review (only academic papers).
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Bone-related search terms were not included in order to obtain a generic overview of all
the reviews published concerning WBYV, and therefore have the certainty that no relevant

articles were missing.

Review selection
Two reviewers independently examined titles and abstracts. Relevant articles were
obtained in full and assessed against the inclusion and exclusion criteria described below.
Inter-reviewer disagreements were resolved by consensus. Arbitration by a third reviewer

was used for unresolved disagreements.

Inclusion criteria

1. Types of study: Systematic reviews and meta-analyses concerning the effects of
WBYV training on bone mass. Within each systematic review, only the controlled
trials measuring the outcomes later described were taken into consideration.

2. Types of participants: Children, adolescents, adults and elderly populations (no age
nor condition restrictions).

3. Types of outcome measured: Bone mineral content (BMC) or BMD of whole body,
lumbar spine, arm, hip (femoral neck, trochanter, intertrochanter or Wards triangle
subregions), bone architecture (from peripheral quantitative computed tomography
(pQCT)), ultrasound parameters (Broadband Ultrasound Attenuation (BUA), Speed

of Sound (SOS), stiffness index) or metabolic biomarkers.

Exclusion criteria
1. Reviews in languages other than English.
2. Non-systematic reviews.
3. Unpublished data.

4. Reviews of studies with animals.
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5. Reviews focusing only on number of fractures, with no mention to variables
obtained by imaging techniques.
6. Meta-analyses that do not feature independent sets of effect sizes.
Assessment of methodological quality
The evaluation of the methodological quality of the reviews was carried out using the
AMSTAR tool (88), which has been validated as a mean to specifically assess the

methodological quality of systematic reviews.

The overlapping of the included reviews was also considered by calculating the corrected
covered area, a metric proposed by Pieper et al. (89), that measures the degree of overlap

within a group of systematic reviews.

RESULTS

Search summary
1270 potentially relevant articles were retrieved. After reviewing the titles and abstracts,
this total was reduced to 51. Of those reviews, 19 met the inclusion criteria and were

included in a primary analysis.

Individual papers included in each review were listed. Studies related to bone variables
were further examined and compared among reviews. This analysis allowed us to identify
one review (184) that based its BMD results solely on one single trial (which was already
covered by eleven of the other reviews) and another one (200) that included data solely
from two abstracts. Therefore, the above-mentioned reviews were considered unlikely to

add relevant data and were excluded from the final analysis (Figure 1).

Summary of review characteristics
The characteristics of the seventeen reviews included in the study are summarized in Table

1. In this table, the aim of the reviews and the search strategy followed by the authors are
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Figure 1 - Flow chart diagram of the review selection.

1270 Potentially relevant references identified and screened for
retrieval
909 PubMed
243 Cochrane
117 SportDiscus
1 Expert consultation and reference lists

401 Excluded
227 Double references
174 Language other than English

A 4

(o]

69  Abstracts retrieved for more detailed evaluation

818 Excluded
123 No bone parameters
695 Not whole-body vibration training

51 Potentially appropriate for inclusion

> 34 Excluded

32 No systematic review or independent sets
1 Insufficient bone data®
1 No trials®

\ 4

17 Reviews included in the final overview

? Chanou et al., [16] obtained its BMD data from a single RCT that was
already covered by eleven other reviews.

® Bell et al., [36] featured data from two abstracts and no full article was
included.

described. The number of studies included in these reviews, the total number of
participants, the comparison interventions considered and the duration range of these
interventions are also reported. Finally, the main variables of interest for each review are

listed.
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Author, Aim Search strategy Number of Comparison Duration of  Bone-related outcomes
year WBY bone- interventions the for which data were
related trials interventions reported
included
(participants)
Older adults
Merriman, To assess the MEDLINE (1950-2007), CINAHL 5(251) Control, placebo ~ 6-52 weeks BMD (whole body,
2009  effectiveness of WBV (1982-2007) device, fitness total hip, proximal
on bone density, muscle No language restriction exercise (<=40 femur, lumbar spine,
performance, balance Intervention of at least 6 weeks min, 3/week), cortical tibia)
and functional mobility resistance Bone turnover markers
exercise, physical
therapy, walking
Mikhael, To examine the effect Medline, SPORTDiscus, 3 (153) Control, 6-52 weeks BMC (lumbar spine)
2010  of WBV on muscle or AusportMed, CINAHL, AMED, resistance, BMD (lumbar spine,
bone morphology and WoS, Scopus exercise, placebo tibia)
function English language device Bone turnover markers
Until 2009 (most databases)
Lau, 2011  To determine whether MEDLINE, CINAHL, EMBASE, 6 (398) Control, active 6 weeks - 18  BMD (total hip, lumbar
WBYV improves BMD PEDro, PubMed, Science Citation exercise months spine)
and leg muscle strength Index
English language
Exclusion criteria: Subjects
diagnosed with a primary condition
Pollock, To assess studies which WosS, PubMed, EMBASE, 10 (719) Control, placebo  6-52 weeks BMD (whole body,
2012 have investigated the CINAHL, PEDro, Cochrane device, fitness total hip, proximal

outcome of repeated
exposure to WBV

- 661 -

Library exercise, walking,
English language resistance

Case reports and abstracts from training, wellness
conference presentations excluded program

femur, radius, lumbar
spine)
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Gomez-
Cabello,
2012

Sitja-
Rabert,
2012

Ma, 2016

Oliveira,
2016

Dionello,
2016

To assess the effects of
different training
programmes in bone
mass

To analyze the efficacy
and safety of WBV
training

To evaluate the
musculoskeletal effect
of WBV

To analyze clinical
trials that verified the
effects of WBV on
BMD in
postmenopausal women

To review recent
literature and highlight
novel findings on the
effect of WBV exercise
on the BMD in women
with postmenopausal
osteoporosis without
medications

MEDLINE & CENTRAL
English and Spanish languages

MEDLINE, EMBASE, CENTRAL,
CINAHL, PeDro, Psychlnfo
English, French and Spanish

languages

EMBASE, PubMed, Cochrane
Central Register of Controlled
Trials, ISI Web of Science, CNKI
No date nor language restrictions
Intervention of at least 6 months

PubMed, Web of Science,
LILACS, The Cochrane Library,

PEDro

No date or language restrictions
Unpublished studies searched at

clinicaltrials.gov

PubMed, PEDro
English language

10 (740)

5(247)

8 (1014)

17 (1833)

11 (922)

Control, aerobic
training, strength
training and
multi-component
training

Control, exercise
group (various
modalities)

Control,
resistance
training, placebo
device, walking

Control, exercise
group (various
modalities)

Control, placebo
device, wellness
program,
resistance
training

6-18 months

6-52 weeks

6-18 months

6-18 months

2-18 months

BMC (whole body)
BMD (lumbar spine,
hip, femoral neck,
distal radius, tibia)

BMD (femoral neck,
lumbar spine)

BMD (femoral neck,
lumbar spine)

BMD (lumbar spine,
total hip, femoral neck,
trochanter, Ward’s
area, tibia, radius)

BMD (whole body,
lumbar spine, total hip,
femoral neck)
Bone turnover markers



Luo, 2016 To conduct a MEDLINE, CINAHL,PEDro, 9 (625) Control, wellness  12-48 weeks BMD (lumbar spine,
comprhensive CENTRAL program, femoral neck, total hip,
quantitative analysis of walking, Ward’s triangle)
WBY in patients with resistance Bone turnover markers
postmenopausal training
osteoporosis
Jepsen, To address if WBV in PubMed, EMBASE, Cochrane 12 (1618) Control, placebo  3-24 months =~ BMD (femoral neck,
2017  adults over 50 years of English language device, exercise, total hip, lumbar spine)
age could affect the wellness program Volumetric BMD
estimates of bone mass, (radius, tibia)
architecture and Bone turnover markers
turnover biomarkers
Children and adolescents with disabilities
Matute, To summarize the MEDLINE (PubMed), 8 (338) Control 8-52 weeks BMC (whole body,
2014 current literature SPORTDiscus, EMBASE lumbar spine)
regarding the effects of English language BMD (whole body,
WBYV on health-related Published studies only femoral neck, lumbar
fitness parameters spine, tibia, femur)
(children and Stress endurance
adolescents with parameters
disabilities) Bone turnover markers
Saquetto, To verify the effects of MEDLINE, LILACS, SciELO, 1(25) Control 20 weeks BMC (whole body,
2018  WBYV training on the PEDro, Cochrane lumbar spine)

- 191 -

muscle strength, bone
mineral parameters,
balance and body
composition of children
and adolescents with
Down’s Syndrome

No language restriction

BMD (whole body,
lumbar spine)
Volumetric BMD,
cortical thickness
(radius, tibia)
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No population restriction

Madou,
2008

Rehn, 2008

Slatkovska,
2010

Wysocki,
2011

To critique the research
that has used WBV with
special populations
(elderly,
postmenopausal women
and neurological
patients)

To systematically
review controlled
studies that have
explored the effects of
WBYV on BMD in
humans

To analyze the effects
of WBV on BMD

To provide an overview
of WBYV therapy for the
prevention and
treatment of
osteoporosis

ProQuest, IngentaConnect,
Meditext, MEDLINE,
Proquest5000, PubMed,
SPORTDiscus, Wos, Health and
Medical Complete, Google Scholar
English, German or Dutch
languages (English abstract)
Published in peer-reviewed journal

PubMed, Cinahl, Embase, Pedro,
Amed
Only controlled studies
English language

MEDLINE, EMBASE, CINAHL,
Cochrane, SportDiscus, ProQuest
Dissertations, Theses Canada Portal
No language restrictions
Unpublished trials searched

MEDLINE, Cochrane Library,
ACMD, CINAHL, CSA Physical
Education Index, WoS,
Physiotherapy Evidence Database,
Academic Search Premier + gray
literature
2000-2011; English language
Exclusion criteria: Population
without low-BMD risk, subjects

diagnosed with a primary condition

2 (99)

8 (383)

8 (328)

(617)

Control,
resistance
training

Control, walking,
placebo device,
strength training

Control,
resistance
training, placebo
device, walking

Control, walking,
resistance
training, wellness
program, placebo
device,

6-8 months

3-52 weeks

6-52 weeks

8-72 weeks

BMD (whole body,
total hip, lumbar spine)

BMD (total hip,
femoral neck, lumbar
spine, tibia)

BMD (total hip, lumbar
spine)

BMD (whole body,
lumbar spine, total hip,
femoral neck,
trochanter, radius, tibia)

WBV: Whole body vibration; BMC: Bone mineral content; BMD: Bone mineral density



Table 2 - Methodological quality of the included reviews according to the AMSTAR tool
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Mikhael, 2010
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NA
NA
NA
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Gomez-Cabello, 2012
Sitja-Rabert, 2012
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Oliveira, 2016
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Luo, 2016
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Saquetto, 2018
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Methodological quality
Nine reviews (186,189,193—-195,201-204) fulfilled the requirements of seven or more of
the eleven items evaluated, with one review (202) obtaining a perfect score and another one
(195) achieving ten points. The other eight reviews (50,188,190,191,196,197,205,206)
obtained a total score of either five or six points. According to the classification proposed
elsewhere (207,208), five of the reviews (186,195,202—-204) are considered of high quality
and the rest of moderate quality. The complete results of the methodological quality

assessment can be checked in detail in Table 2.

Regarding the overlapping among reviews, Table 3 shows the number of individual studies
on the subject of bone mass that are repeated in each pair of reviews. The corrected covered
area yielded a result of 16.8, which is considered as high. This outcome was expected, since

most reviews cover the same target population.

Effects of WBYV training on bone mass in different populations
In order to facilitate the comparison between reviews, extracted data were sorted according
to the studied population. Two reviews (189,206) focused exclusively on children and
adolescents with disabilities, eleven (50,186,190,191,194,196,201-205) on older
populations and four (188,193,195,197) included both children with disabilities, young
adults and elderly populations. Results from the latter reviews were subdivided into
population categories, which included children and adolescents with disabilities, young

adults and older adults.
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Table 3 - Overlap within reviews
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The values indicate the number of individual studies that are included in both reviews
(row and column)

Bold characters show the number of RCTs for each review

Corrected covered area: 16.8 (Calculated as proposed by Pieper et al.)

Older adults
The vast majority the controlled trials that evaluated the effects of WBV on bone mass
included in the present overview involved solely postmenopausal women, with no
individual study focusing exclusively in older men. Therefore, the following results depict

the effects of WBV on postmenopausal women.

Hip and femoral neck
All of the fifteen reviews that include older adults within their population of interest contain
at least one primary study assessing the effects of WBV training on BMD at the hip or,

more precisely, at the femoral neck.

All the studies included in the reviews state that WBYV training is either positive or neutral
regarding BMD at the hip or the femoral neck. Only one negative result from an individual

study (209) has been found among all reviews. This article states that there is a slight loss

- 165 -



Marin-Puyalto, J. Tesis Doctoral Internacional

of hip and femoral neck BMD after 8 months of WBYV training. However similar decreases
were found in the exercise and control groups, with no group by time interaction, which

results in WBV being neutral to BMD at this site.

Positive results predominate over neutral ones in nine of the thirteen reviews
(50,188,190,191,193—-197), whereas six reviews found more neutral than positive results

(186,201-205).

Six meta-analyses(186,194,201-203) have been conducted focusing specifically on the
BMD at the hip and femoral neck. In one case (194), WBV training had an overall
beneficial result when compared to sedentary controls. On the other hand, five meta-

analyses (186,201-204) found WBYV to be neutral to hip BMD.

Three reviews (190,193,194) highlighted the positive role that WBV training plays on
enhancing BMD at the hip and femoral neck, especially when compared to the results
obtained for the lumbar spine. The rest of the researchers define the effects of WBV on
BMD at the hip as small or non-significant, pointing out that there is a lack of consistency
in the study designs within the literature, and state that WBYV training could be useful as a
complementary or alternative method to increase BMD at the hip for subjects who have

difficulties following a standard training program.

Lumbar spine
The lumbar spine is one of the main locations that have been studied due to its clinical
relevance for the likelihood of fracture. All of the reviews include two or more individual

studies that assessed BMD at this site.

No study has reported a detrimental effect of WBV training at the lumbar spine; however,
neutral results clearly predominate over positive ones. Eight (186,188,191,193—

195,203,204) of the fourteen reviews have been unable to find positive results, while
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another seven found at least one study showing an enhancement of BMD at the lumbar
spine. Nevertheless, all of them have found a greater number of studies reporting a lack of
differences in lumbar spine BMD when comparing WBYV training with other exercise

modalities or controls.

All the authors that conducted a meta-analysis on the effect of WBV training on hip BMD
performed the same analysis at the lumbar spine. Four of the meta-analyses
(186,194,203,204) showed no differences between WBYV training and controls in lumbar
spine BMD. Two of the latest meta-analyses included in this overview (201,202), showed
instead positive results of WBYV training at this site, taking exclusively into consideration

those studies with at least 6 months of WBV training.

Other sites

The earliest assessment of cortical and trabecular volumetric BMD at the tibial midshaft
was carried out by Russo et al. (210). There have been conflicting interpretations among
different authors, so this issue will be addressed in detail during the discussion of this

overview.

A recent meta-analysis by Oliveira et al. (202) examined in depth the effects of WBV
training on the volumetric BMD in postmenopausal women at both radius and tibia. No
differences favouring any of the groups were found in either the primary analysis or the

subsequent sensitivity subgroup analyses.

Whole body BMD was assessed in two individual studies (198,211) among the ones
included within different reviews. Fjeldstad et al. (211) reported a detrimental effect on
whole body BMD for a combination of WBYV training with resistance training, so it cannot

be determined that these are solely due to the use of WBV. Verschueren et al. (198) showed
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no differences in whole body BMD between the WBV and control groups after a 6-month

period.

Bone turnover markers

Only five reviews (190,191,203-205) presented data regarding serum levels of bone
turnover markers, and extracted the information from six different original studies
(198,210,212-215). Four studies (198,210,212,214) found no differences in the serum
levels of these metabolic biomarkers among WBYV and control groups. The study by Turner
et al. (213) reported a reduction in the urinary levels of bone resorption markers (N-
telopeptide X normalized to creatinine) following a 2-month WBYV intervention. Finally,
Corrie et al. found a greater increase in a bone formation marker (procollagen type 1 N-
terminal propeptide) in subjects who underwent 12 weeks of WBYV training compared to

controls.

Ultrasound parameters

Ultrasound parameters have only been considered in the two latest reviews (202,205), since
the only study that evaluated the calcaneal region using this methodology was published
two years ago by Slatkovska et al. (216). In this study, a small but statistically significant
decrease was found in the calcaneal broadband ultrasound attenuation following a 12-
month intervention with low-intensity WBV, which implies a negative effect of WBV

interventions.

Optimal parameters for WBV training

Several authors of reviews(50,193,195) suggest that more research is needed to establish
the optimal parameters of vibration to improve or preserve BMD, but only three
reviews(201,202,204) include subgroup meta-analyses to evaluate different vibration

protocols.
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In the meta-analysis by Ma et al.(201) , the results for lumbar spine BMD favoured the
WBYV group when pooling the studies with low magnitude vibration (<1 g, as defined by
the authors of the meta-analysis), but no differences were found in the studies with high
magnitude vibration (>1 g). However, it is not clear that these effects are due solely to the
magnitude of the vibration, given that the studies with low magnitude vibration were as

well those with a higher cumulative dose of vibration.

Oliveira et al.(202) carried out various subgroup meta-analysis, and they found significant
improvements in lumbar spine BMD for the vibration group in the studies with side-
alternating vibration, the studies where the subjects stayed with semi-flexed knees during
the WBYV and the studies with either high frequency and low magnitude (>20 Hz, <1 g) or

low frequency and high magnitude (<20 Hz, >1 g).

In the review by Jepsen et al.(204), side-alternating platforms showed overall better results

for lumbar spine BMD when compared to vertical vibration platforms.

Young adults
Two reviews (193,195) included studies regarding the effects of WBV on BMD in young
adults, and both of them retrieved the same original study (217). In this randomized
controlled trial, subjects that completed an eight-month intervention of WBV training did
not show benefits over their control counterparts in BMC at any skeletal site measured
(lumbar spine, femoral neck, trochanter, calcaneus, and distal radius). Volumetric BMD at
the distal tibia and tibial shaft were also assessed, but no differences between groups were

found after the WBYV intervention.

Additionally, although the reviews did not analyse the results from bone remodelling

markers, these parameters were effectively reported in the original study as not having
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changed following the intervention. This study did not include any ultrasound parameters

217).

In summary, the authors of reviews have not been able to find positive results linking WBV
training with improved BMC or BMD in young, healthy adults from were reported in the

only study found within this population (217).

Children and adolescents with disabilities
A review conducted by Matute-Llorente et al. (189) explored the effects of WBV on bone
mass in children and adolescents with disabilities. They claimed that even though the effect
that this type of treatment exerts on body composition is not clear yet, it seems to provoke
an improvement in bone health, since positive results predominate over neutral and
negative ones within the studies they included, especially for lumbar spine BMD. The
authors also acknowledge that the minimum dose of exposure to WBYV required to elicit an

optimal response is a topic that requires further research.

There is another review that explores the effects of WBV on children and adolescents with
Down syndrome (206). Different health parameters are analyzed within this review, but
only one study regarding bone mineral status is included (218), which showed that WBV
training has the potential to generate an increase in subtotal (whole body minus head) BMD

above the regular growth in this population.

These are the only two reviews found that focused exclusively on children and adolescents
with disabilities, but this population group is also taken into consideration in three other

reviews.

On one hand, Rehn et al. (193) found increased volumetric BMD at the proximal tibia
following WBYV training (219,220). On the other, this improvement remained statistically

non-significant at the lumbar spine (220). Slatkovska et al. (195) obtained the same results
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for the proximal tibia. However, after performing a meta-analysis pooling both individual

studies (219,220), they found significant differences in the lumbar spine as well.

Finally, Wysocki et al. (197) consider that there is insufficient knowledge about the optimal
target population for WBYV training and therefore they do not reach different conclusions
from the ones previously explained when focusing on postmenopausal women. They
advise, thus, caution in making claims regarding this intervention, despite the fact that they
report significant improvements in lumbar spine BMD when the adherence to WBV
training is high in the only controlled trial focusing on children (219) that is included in

their review.

All four reviews (189,193,195,197) found positive results following a WBYV intervention
in BMC or BMD in various sites, including whole body, femoral neck and more
consistently at the proximal tibia and lumbar spine. Serum levels of bone formation
biomarkers were only included in one controlled trial and had a trend to increase after WBV

training (221). Ultrasound parameters have not been reported in any of the reviews.

DISCUSSION

Summary of main findings
Concerning the effectiveness of WBV training for the improvement of BMD in
postmenopausal women, the only significant results found are those in the hip or lower
body with small effect sizes. The majority of studies that assessed BMD at the level of the
lumbar spine found no changes. Several authors reported conflicting results, attributing
differences to the variety of protocols used, with the longest training durations leading to
changes in BMD (50,193,196,201). The necessity of long training periods in order to obtain

results of minor clinic relevance yields WBYV training as an ineffective method to improve
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bone mass. Nonetheless, it may prove as a valid alternative for subjects unable to perform

other types of training.

There is a lack of studies aiming to assess the evolution of BMD after WBYV training in
young adults, since only one publication (217) has been identified among the 31 papers
evaluated by the fifteen reviews. The WBYV program applied in that study did not affect
BMD nor serum markers of bone turnover. However, more research is needed on this topic

before issuing a recommendation for this population.

Improvements in BMD in children and adolescents with compromised bone mass have
been found not only at the lower limbs, but also at the lumbar spine and the whole body.
Seven out of the nine studies included in the only review focused in this population (189)
reported positive results at various sites. This is supported by the meta-analysis carried out
by Slatkovska et al. (195), which found significant improvements in trabecular volumetric
BMD both at the tibia and the spine following WBYV training. The magnitude of the effect
observed was higher when compared to postmenopausal women. This review (195),
suggested that the growing skeleton of children and adolescents may be more sensitive to

WBYV training than other populations.

Discrepancies between reviews
There were two papers regarding postmenopausal women that were interpreted differently
across researchers. This can in part be the cause of discrepancies among reviews and
inaccurate conclusions can be drawn when pooling the results if this is not taken into
consideration. Therefore, the original documents of the individual studies were retrieved

and further analysed in order to clarify the actual results reported by the original studies.

According to most reviews (50,186,191,195-197,202), the study by Russo et al. (210) did

not favour WBV training, since no changes in tibial vBMD were found in the vibration
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group after 6 months of intervention. However, the reviews by Merriman et al. and Rehn
et al. (190,193) point out that the control group suffered a decrease in the same parameter,
and therefore, that WBV training could be considered as a protective agent. The results
from the original paper show indeed a significant decline in cortical BMD in controls,
whereas it remained unchanged in the intervention group. Nonetheless, when contrasting
the loss of BMD over time between the two groups, only a non-significant trend favoring
vibration was found. Thus, the results from this paper do not support the claim by the latter

reviews.

One of the most repeated studies within the different reviews is the one carried out by
Verschueren et al. (198) that was included in a total of eleven reviews
(50,186,188,190,193-197,201,203). The reviews certify that this study presented an
improvement in hip BMD following 6 months of WBYV training, which is in concordance
with the results from the original paper. However, when including this study in the context
of a meta-analysis focused on the effects of vibration on hip or femoral neck BMD,
different conclusions are drawn. In the meta-analysis performed by Lau et al. (186), this
article is pooled with the one by von Stengel et al. (222) and in another meta-analysis by
Sitja-Rabert et al. (194) it is analysed along with two other papers (223,224). In both cases,
it is reported that the study by Verschueren et al. (198) shows that there are no results

favouring vibration training over active exercise or controls.

Agreements and disagreements with other studies or reviews
Research is currently focusing on the different interventions that can help obtaining and
maintaining an optimal bone health, and an overview examining the effects of exercise on
bone status in female subjects has recently been published (225). Even though it mentions

WBV training, it only includes one systematic review (186), but it concludes that this type
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of training is not effective for protecting bone loss in postmenopausal women, which is in

accordance with the results previously shown.

The findings presented in this overview are consistent with the results found by Gémez-
Cabello et al. (226) in a study in which an eleven-week WBYV training program was not
able to improve BMD nor structure in the elderly. Moreover, a narrative review by Cheung
and Giangregorio (227) showed that low-magnitude high-frequency WBV does not

improve BMD and bone structure in post-menopausal women.

Similarly, Totosy de Zepetnek et al. (182) stated in their narrative review that the efficacy
of WBV training among older adults is somewhat inconclusive, whereas this type of
training has shown to be anabolic to trabecular and cortical bone among young adults and
children with low BMD or physical impairments. In a recent randomized controlled trial
by Matute-Llorente et al. (218) which involved adolescents with Down syndrome, WBV

training improved BMC and BMD of the whole body, lumbar spine, tibia and radius.

These results seem to be in conflict with the ones presented by Rittweger (181), who
suggested that WBV training could be more effective in the elderly than in young adults.
However, this statement is supported by just two studies in postmenopausal women and
one in young adults and therefore does not take into account several other studies that may

find different outcomes.

There are three studies including different WBYV protocols in order to compare vertical with
side-alternating vibration (228), high-frequency with low-frequency vibration (229) and
high-intensity with low-intensity WBV (230). No differences between vibration protocols
have been found in any of the studies. However, only one of them (229) compared

frequencies, maintaining stable the rest of the variables. Therefore, further controlled trials
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focusing on one specific variable while controlling the rest of them are needed to clarify

the optimal vibration parameters.

Strengths and limitations
To the best of our knowledge, this is the first systematic overview of reviews regarding the
effects of WBYV training on BMC and BMD. This is a matter of increasing interest as it can

be observed by the number of both narrative and systematic reviews related to this topic.

Most included reviews showed medium or high methodological quality and all of them
were published in the last ten years. A high degree of overlapping studies within the reviews
was identified and taken into account while evaluating the results, referring even to the

primary study when discrepancies were found.

One of the main limitations of this overview is the difficulty encountered when trying to
assess separately different vibration protocols, since only one review (196) assessed
whether the vibration parameters were clearly established in the primary studies. Regarding
this topic, the guidelines provided by Rauch et al (231) could prove useful in the
standardization of WBYV intervention reports. In addition, different protocols are usually
pooled together in the framework of the reviews. Moreover, some of the reviews included

in this overview did not report the results from all the individual studies they included.

It was not possible to assess the publication bias as it was only considered by one of the
reviews (195), even though it may affect this field of research, as suggested by Cardinale

and Rittweger (199).

Implications for future research
Most authors agree that there is a necessity of finding the ideal vibration protocol to
maximize the benefits of WBV. In order to achieve this goal, randomized controlled trials

focused on identifying the specific role of vibration amplitude, frequency and duration in
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the bone response to WBV are needed. Additionally, differences between subjects in the
response to this training should be evaluated as well, since the optimal vibration parameters

may vary within subjects (179).

As it has been mentioned, there is a scarcity of studies aimed at the evaluation of the
effectiveness of WBYV training in young adults. Future research might help understanding
the evolution of the applicability of WBYV to increase bone mineral content and density

throughout life.

Conclusions
WBYV training seems to be more effective on increasing BMC and BMD in children and
adolescents with compromised bone mass than in postmenopausal women. Benefits of
WBYV training in BMC and BMD of postmenopausal women are limited to the lower limbs
and are described as having little clinical relevance. Future research should establish the
effects of this intervention in young adults as well as the precise vibration parameters

required to elicit an optimal response in each population.
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4.5 Effects of whole-body vibration
training on bone turnover markers

in adolescent swimmers
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ABSTRACT

Introduction: Whole-body vibration training has recently been proposed as a
complementary training modality to improve the bone health of adolescent swimmers.
However, there is no longitudinal studies regarding the effects of this training combination
on bone metabolism. Therefore, the main goal was to analyze the effects of swimming and

vibration training on bone turnover markers during adolescence.

Subjects and methods: The present study included 68 adolescent swimmers, and 41
normoactive controls (CON). Swimmers were randomly selected to either continue with
their regular swimming training (SWI) or to participate in an additional vibration protocol
(VIB). Anthropometric measurments and serum level determinations of osteocalcin (OC),
procollagen type 1 N-terminal propeptide (PINP) and C-terminal telopeptide crosslaps

(CTX) were performed before and after the 6-month intervention.

Results: Statistically significant group by time interactions were found for both bone
formation markers. VIB showed a decrease over time in OC (baseline: 101.4 pg/ml, follow-
up: 82.8 pg/ml, p<0.05) and PINP (baseline: 528.4 ng/ml, follow-up: 389.0 png/ml, p<0.05)
and SWI had analogous reductions in PINP (baseline: 685.8 nug/ml, follow-up: 542.0
pg/ml, p<0.05), whereas CON experienced an increase in OC levels (baseline: 94.4 ng/ml,
follow-up: 103.4 pg/ml, p<0.05). After stratifying the sample according to the pubertal

status, similar interactions were observed.

Discussion: The combination of swimming training and this particular vibration protocol
lead to a decrease in bone formation markers, especially during early puberty. Whole-body

vibration might not induce an osteogenic stimulus in adolescent swimmers.

Keywords: bone metabolism, bone formation, bone resorption, osteoporosis prevention,

exercise, osteocalcin
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INTRODUCTION

Osteoporosis, a metabolic disease characterized by low bone mineral density (BMD) and
compromised bone microarchitecture (29), is suffered by 22.1% of women and 6.6% of
men over 50 years in the European Union (30). Additionally, with the expected
demographic variations the number of osteoporotic patients is expected to increase (30).
This structural bone fragility found in these subjects results in a lower tolerance to stress
and can lead to osteoporotic fractures, which have been linked in turn to a poor quality of
life, disabilities or even mortality (35). Around 40% of adult bone mass is created during
adolescence and therefore it is a decisive period for osteoporosis prevention (18). This bone
gain during adolescence will influence the peak BMD achieved in early adulthood, a critical
parameter for the prevention of osteoporosis later in life as an increase of one standard

deviation is expected to reduce future fracture risk up to 50% (156).

Weight-bearing physical exercise is considered one of the most effective non-
pharmacological interventions in order to increase both the peak BMD and the BMD gain
during adolescence (16,99). Non-impact sports, such as swimming or cycling have been
traditionally considered as either neutral or detrimental to adolescent bone development
(232-234). Howeyver, a systematic review suggested that while swimming practice may not
confer direct BMD improvements, swimmers show increased bone turnover marker levels
when compared to untrained controls, which might result in structural bone benefits (235).
This is also supported by a recent cross-sectional study in which bone structural and
mechanical properties of female swimmers were compared with soccer and ice hockey
players using dual-energy X-ray absorptiometry (DXA) and perimetral quantitative
computed tomography. It was shown that in loading regions, weight-bearing athletes
showed higher bone densities than swimmers and controls but no differences at the lumbar

spine or total hip. Furthermore, no differences among groups were found in any variable at
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the radial or tibial mid-shaft. Based on these results, the authors suggest that bone benefits
of swimming might be site-specific and therefore they might not be adverted in regular

BMD scans (68).

While BMD assessment using DXA is widely used, as it is the method used for osteoporosis
diagnosis, there are additional parameters that can give useful information regarding bone
health (42). More specifically, bone turnover markers are recommended for short
interventions, since changes in bone biomarkers are faster and more pronounced than
changes in BMD (11). In patients undergoing pharmacological treatment for osteoporosis,
changes in bone turnover markers can be observed as soon as in two weeks, reaching a
plateau state in 3-6 months, whereas meaningful changes in BMD can take more than one

year (236,237).

There is no clear consensus regarding the specific effects of swimming on bone turnover
markers, since there are studies that have shown lower (238), similar (239) and higher (240)
concentrations of bone formation markers in swimmers compared to normoactive controls.
Similar controversial results can be found for bone resorption markers, with studies
showing lower levels in swimmers than runners (241) and others presenting no differences

among swimmers, controls and runners (239,242).

One relatively novel training strategy aimed to improve bone health of various populations
is whole-body vibration (WBV) training. In a recent overview of systematic reviews we
found that one of the populations that could benefit the most from WBYV are adolescents
with compromised bone health (243). Acute increases in bone formation markers have been
found following WBYV sessions in prepubertal boys (244) and young adults (245,246).
However, to the best of our knowledge, the longitudinal effects of WBV training on bone

turnover markers in adolescent swimmers are yet to be described by scientific literature.
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Given the above reasons, the main goal of the present study was to determine the
longitudinal effects of concurrent swimming and WBYV training on bone turnover markers

in adolescents.

MATERIAL AND METHODS

Participants and study design
Ninety adolescent swimmers and sixty normoactive controls (CON), all Caucasian and
aged 10-18 years at baseline took part in the present 6-month longitudinal study within the
framework of the RENACIMIENTO project (75). Adolescents who smoked, were taking
medication known to affect bone or suffered from chronic diseases of musculoskeletal
disorders were not allowed to take part in the study. Additionally, swimmers had to have a
minimum of 3 years of regional swimming competition experience and train at least 6 hours

per week in order to participate in the study.

The protocol study was approved by the Ethics Committee of Clinical Research from the
Government of Aragon (ref. CP08/2012, CEICA, Spain) and adhered to the Declaration of
Helsinki as revised on Seoul 2008. Parents or legal custodians of all participants provided
written informed consent and all participants expressed their agreement. The
RENACIMIENTO project is registered in the ClincalTrials.gov repository under reference

NCTO02380664.

After baseline measurements that included body composition measurements,
anthropometric assessments and blood sampling, swimmers were randomly allocated into
two groups. One of the groups (SWI) continued with their regular swimming training
whereas the second group, designated as vibration group (VIB) completed a WBV protocol
in addition to their habitual training. All measurements and tests performed at baseline were

repeated after the 6-month intervention period.
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WBYV intervention
The vibration training was performed standing on a synchronous platform (PowerPlate
Pro5; PowerPlate, Amsterdam, The Netherlands). Vibration amplitude and frequency as
well as exercise duration and number of sets were progressively increased across the six

months of intervention as shown in figure 1.

Figure 1 — Whole body vibration training protocol

1.c. Lunge with right 1.d. Lunge with left

o o
1.a. Half squat 120 1.b. Squat 90 fsest T Beant Yisst Bl
Sessions Frequency Peak-to-peak Duration Rest Repetitions Vibration Training Peak
(Hz) displacement (s) (s) total total acceleration
(mm) time time (g)
(min) (min)
Month 1 12 30 2 45 45 2 7.5 15 3.6
Month 2 12 30 4 45 45 2 7.5 15 7.2
Month 3 12 32 4 45 45 2 75 15 8.2
Month 4 12 34 4 60 60 2% 8 16 9.3
Month 5 12 36 4 60 60 2* 8 16 10.4
Month 6 12 38 4 60 60 2% 8 16 11.6

*Squat 120, 902 and dynamic were performed twice, while lunge with each leg was only performed once.

Participants were asked to attend to three weekly sessions wearing sport shoes and in pairs
in order to alternate the exercising and resting periods between participants. All sessions
were supervised by a sport scientist that controlled attendance and ensured the correct

execution of all exercises, caring primarily for the safety of the participants.

Five different exercises were performed while standing on the platform. The following
sequence was repeated twice on each session: Half squat (static position, knees bent 120°,

figure 1a), squat (static position, knees bent 90°, figure 1b), dynamic flexion and extension
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from the previous two positions, lunge with right foot in front (figure 1c) and lunge with

left foot in front (figure 1d).

Anthropometric and body composition measurements
Participants wore no shoes and minimal clothing during the anthropometric examination.
Height was measured with a stadiometer to the nearest 0.1 cm (SECA 225, SECA,
Hamburg, Germany) and weight to the nearest 0.1 kg with an electronic scale (SECA 861,

SECA, Hamburg, Germany).

Pubertal maturation was determined following the method established by Tanner (84), by
self-assessment of secondary sexual characteristics, using a graphical scale as a reference.
This method has been previously utilized to assess sexual maturity among adolescent
athletes and it was found that the method was reliable and precise (247). Participants were
categorized as early pubertal if they reported Tanner stages 1-3 at baseline and as late
pubertal for stages 4 and 5. Even though Tanner stage 1 can be considered as prepubertal,
in the present study only two participants were at this stadium. Therefore it was decided to

merge them with the Tanner 2 and 3 stages.

Bone mineral status was determined using DXA scans at the subtotal whole body (whole
body minus head), lumbar spine and hip (including femoral neck and total hip) evaluated
with the pediatric version of the QDR-Explorer software, version 12.4 (Hologic Corp.,
Bedford, MA, USA). The same trained operator performed all the scans. Coefficients of
variation for the DXA measurements in our laboratory were 2.3% for bone mineral content

(BMC) and 1.3% for aBMD, as shown elsewhere (83).

Biomarker evaluation
Fasting blood samples were extracted from all participants prior to the baseline and follow-

up measurements. In order to minimize the effects of the intraindividual circadian
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variations, all samples were taken in the same time frame, between 8:00 and 10:00 in the
morning (11). The blood was allowed to clot for 30 min at room temperature before
centrifugation at 10.000 rpm for 15 min and storage at -80 °C. Electrochemiluminescence
immunoassays “ECLIA” were performed in an independent laboratory to measure the
levels of bone formation markers osteocalcin (OC) and procollagen type 1 N-terminal
propeptide (P1NP) and the bone resorption marker beta-C-terminal telopeptide crosslaps
(CTX) in serum, using an Elecsys 2010 analyzer (Roche Diagnostics, GmbH, Germany).
The intra-assay CV values for serum OC were less than 1% at 0.02 ng/ml and 1.2% at 253.0
ng/ml, for serum PINP were 1.6% at 20.5 ng/ml and less than 1% at 811 ng/ml and for

serum CTX were 2.0% and at 0.06 ng/ml and 1.7% at 1.92 ng/ml.

Statistical analysis
All statistical analyses were performed using SPSS for Windows version 22.0 (SPSS Inc.,
Chicago, IL, USA) with the significance level set at p<0.05. Kolmogorov-Smirnov tests
were used to confirm the normality assumption for all variables included in the study.

Additionally, no participants were excluded from the analysis after exploration for outliers.

Cross tabulation of sex and pubertal development status across groups was performed and
chi-square statistics were used to determine the homogeneity of the group distribution. No
sex stratification was used for further analysis, since no differences were found in the
distribution among groups. Analyses of covariance adjusting by baseline age, Tanner stage
and body weight were conducted to test the differences in bone biomarker levels among
groups. Also, t-tests for related samples were used to check the differences within each
group over time. Additionally, ANCOVA for repeated measures was used to check the
group by time interaction. Partial Pearson’s correlation coefficients were calculated to
analyze the relationship between the levels of the different biomarkers and bone mineral

development.
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RESULTS

From the original sample of 150 participants, complete data (baseline and follow-up
measurements) were obtained from 109 participants (42 females). Baseline characteristics
of the sample including anthropometric measurements, BMC and BMD at the whole body,
hip and lumbar spine are shown in table 1. No significant differences between groups were
found in any of these parameters, except for the BMD at the femoral neck, which was
higher in untrained controls than in swimmers. Additionally, no differences in the sex or

pubertal stage distribution were found among the intervention groups.

Table 1 — Descriptive characteristics and bone mineral parameters of the sample at

baseline
Descriptive
characteristics Overall (n=109) Swimmers (n=68) Controls (n=41)
Chronological age (y) 14.1£2.1 142+1.8 14.0+2.6
Height (cm)  162.0 £ 12.7 163.6 £12.9 159.2+12.1
Body mass (kg) 545+13.2 55.0+12.8 53.7+13.9
BMI (kg/m?)  20.48 £2.93 20.25+2.62 20.87 £3.37
Tanner stage (I/IVII/IV/V)  2/20/23/49/15 2/14/14/32/6 0/6/9/17/9
Sex (male/female) 67/42 40/28 27/14
Bone mineral parameters  Overall (n=96) Swimmers (n=62) Controls (n=34)
SUBT BMC (g) 1407 + 450 1414 + 447 1395 + 460
SUBT aBMD (g/cm?)  0.879 = 0.127 0.870 £0.122 0.894 +0.135
LS BMC (g) 46.1 £ 14.9 46.2 +13.9 458 £16.9
LS aBMD (g/cm?)  0.844 £ 0.155 0.836 = 0.146 0.861 +£0.171
Hip BMC (g) 30.4 £10.1 30.4+10.0 30.6 £10.3
Hip aBMD (g/cm?)  0.912 +0.156 0.892 +0.147 0.947 £0.167
FNBMC (g)  4.06+1.02 4.00 + 0.94 418 £ 1.15
FN aBMD (g/cm?)  0.838 £0.148 0.816 +0.129 0.878 £0.173*

*Significant differences between swimmers and controls (p<0.05)

BMI: Body mass index; SUBT: Subtotal whole body; LS: Lumbar spine

FN: Femoral neck; BMC: Bone mineral content; aBMD: Areal bone mineral density
Values are expressed as mean + standard deviation (Tanner stage and sex as frequencies)
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Correlation coefficients between bone mineral status and serum levels of biomarkers at
baseline are displayed in table 2. Baseline values of all biomarkers presented significant
and positive correlations with the future change in both BMC and BMD at all sites
measured. All significant relationships found while comparing the variation of biomarkers
and bone mineral status were negative, with CTX being the marker that consistently
showed significant correlations across all sites whereas no significant correlation was found

between subtotal bone mineral status and neither OC or P1NP.

Table 2 — Partial correlations between biomarkers and change in bone mineral parameters
ASUBT ASUBT ALS ALS AHip AHip AFN AFN
Baseline  BMC aBMD BMC aBMD BMC aBMD BMC aBMD
OC 0.597 0.480 0.638 0.652 0532 0561 0455 0.351
PINP  0.746 0.656 0.696 0.675 0.606 0595 0.574 0.376
CTX 0.627 0.478 0601 0582 0506 0477 0417 0.247

Absolute ASUBT ASUBT ALS ALS AHip AHip AFN AFN
change BMC aBMD BMC aBMD BMC aBMD BMC aBMD
AOC -0.079 -0.073  -0.254 -0.245 -0.138 -0.219 -0.078 -0.155
APINP  -0.100 -0.127  -0.211 -0.162 -0.114 -0.220 -0.198 -0.229
ACTX -0.267 -0.228 -0.332 -0.364 -0.186 -0.354 -0.252 -0.289

Correlation coefficients are adjusted for age, pubertal stage and body weight

Bold characters indicate significant correlations

SUBT: Subtotal whole body; LS: Lumbar spine; FN: Femoral neck

BMC: Bone mineral content; aBMD: Areal bone mineral density

Table 3 presents the baseline and follow-up values for all bone biomarkers analyzed
distributed by groups and subdivided into pubertal development categories. There were no
differences in any of the bone biomarker levels at baseline among the intervention groups
in either early puberty, late puberty or the complete sample. Overall, VIB significantly
decreased their OC levels, whereas CON experienced an increase in this variable. For
PINP, a decrease over time for both VIB and SWI was observed, while the levels for CON
remained stable. It should be highlighted that, when focusing on early pubertal participants,

differences in all biomarkers emerged between VIB and CON, as there was a gain in OC
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Table 3 — Differences in biomarkers (after adjustment for age, pubertal stage and body weight) between groups at baseline and follow-up

Baseline Follow-up Group by
time
Vibration Swimmers Control Vibration Swimmers Control interaction
Overall (n=36) (n=32) (n=41) (n=36) (n=32) (n=41) (")
OC (pg/ml) 101.4+6.5 123.3+7.1 944+ 6.3% 82.8+6.4 118.8 +£ 6.8% 103.4+£6.0 0.149
PINP (ug/ml)  528.4 +45.7 685.8 +50.0 544.9 +44.0 389.0+38.6 542.0+415* 527.4+364* 0.061
CTX (ug/ml) 1.606+0.109 1.905+0.119 1.822+0.105 1.509 £0.097 1.896 +0.104* 1.724 £0.092 0.005
Vibration Swimmers Control Vibration Swimmers Control
Early puberty (n=13) (n=17) (n=15) (n=13) (n=17) (n=15)
OC (ug/ml) 111.6+11.1 127.2+£10.2 1084 +11.9 102.4 £ 10.1 1455+ 9.7* 118.1+£11.2 0.179
PINP (ug/ml) 696.4+63.3 803.1 £ 58.0 590.0 + 68.1 523.0+62.8 747.4+55.7* 652.7+64.1 0.159
CTX (ug/ml) 1.751+£0.140 1.969+0.128 1.873+0.151 1.806 £0.130 2.255+ 0.105* 1.894+0.133 0.075
Vibration Swimmers Control Vibration Swimmers Control
Late puberty (n=23) (n=15) (n=26) (n=23) (n=15) (n=26)
OC (pg/ml) 89.8 £8.3 121.5+10.8 89.9+79 67.4+8.0 949+10.0 93.9+7.5 0.167
PINP (ug/ml) 388.6+61.3 636.4 +79.8 510.3 £58.4 280.3+50.2 375.2%+63.3 44631474 0.081
CTX (ug/ml) 1.447+0.155 1.872+0.201 1.837+0.147 1.285+0.135 1.619+0.170 1.600+£0.128 0.015

Values are expressed as mean =+ standard error

Bold characters indicate significant intra-group differences with baseline values (p<0.05)
* Significant differences compared to vibration group (p<0.05)

T Significant differences compared to swimmers group (p<0.05)

“Significant group by time interaction (p<0.05)
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and CTX for SWI and a decline in PINP levels for VIB. Even though no significant
differences in biomarker levels at follow-up were found among groups for the late puberty
stage, a trend for lower OC (p=0.058) and PINP (p=0.059) levels in VIB in contrast with
CON appeared. Group by time interaction was found for OC at both early and late puberty

stages and for PINP among the early pubertal participants.

To further analyze the group differences on the evolution of biomarker levels, changes in
these parameters were compared and shown in figure 2. As it can be observed, among the
early pubertal participants, the group by time interaction found is due to VIB presenting
lower changes than SWI for both OC and PINP and lower than CON for PINP. Also, a
trend emerged for a difference in the change of OC levels between CON and VIB
(p=0.062). On the other hand, during late puberty, both VIB and SWI showed a bigger

decrease in OC levels in comparison to CON.

DISCUSSION

The main result from the present longitudinal study is that overall, our WBV training
protocol seems to decrease global bone turnover rate in adolescent swimmers, since those
in the vibration group presented lower levels of both formation and resorption markers after
the intervention than those just swimming, while no differences were found between these

groups at baseline.

After stratifying the sample according to their pubertal status, further statistical analysis
revealed that these differences are found solely within the early pubertal participants. This
could be partly due to the high metabolic activity characteristic of early puberty (119).
Interpretation should be made with caution in this population since, even though bone
markers are sensitive to remodeling (248), they are not able to discriminate between bone

modeling and remodeling (27).
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Figure 2 — Group comparison of the changes in biomarker levels after the intervention
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Taking normoactive controls into consideration it can be observed that statistically
significant group by time interactions are found in formation markers but not in resorption.
Also, no difference in either formation or resorption marker serum levels were found
between swimmers and controls at both baseline and follow-up. This may suggest that the
group that behaves differently is the vibration group, showing decreases in OC and PINP

levels after the intervention.

These results were surprising, especially taking into account the previously reported acute
increases in bone markers following WBYV sessions of both low (0.9 g) (244) and high
magnitude (6.4 g) (249). However, when vibration training is combined with other forms
of physical exercise, this results may vary, as shown by two studies in which combined
resistance and vibration training did not alter the formation marker levels of male and
female young adults (245,246). Therefore, it is not clear if these discrepancies are caused
by differences between vibration protocols, inherent differences between acute and long-

term adaptations or by the presence of concurrent training.

The potential interest of WBYV training for the improvement of bone health underlies in
Frost’s mechanostat theorem (45) that establishes that bone reacts to mechanical stimuli.
Although the specific mechanisms involved in the osteogenic response from WBV are not
completely understood, it has been suggested that vibration might affect a wide array of
physiologic systems, including an endocrine response (179). Trabecular bone has been
shown to be more responsive to vibration than cortical tissue (70). According to the authors,
the higher metabolic activity of trabecular bone compared to cortical bone is among the
possible causes for this result. However, in this particular study bone metabolism has not

been increased by vibration.
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This is not the first study failing to find positive effects of WBYV training on bone health.
In a previously published paper within the framework of the RENACIMIENTO project, no
benefits for aBBMD in adolescent swimmers were found following the vibration intervention
(82). Controlled trials (228), systematic reviews (186) and overviews (243) have described
vibration training as an alternative method, best suited for subjects unable to engage in
regular physical training but not particularly useful in healthy participants. Therefore, in
order to improve bone status in adolescent swimmers it might be necessary to further
investigate the effects of different vibration protocols or entirely new complementary
training methods, such as plyometric training which has already shown improvements in

bone mineral content, density and structure in children and adolescents (53).

The selected bone turnover markers have already been used in large adolescent samples
(119) and are in accordance with scientific literature (11) and the recommendations issued
by the International Osteoporosis Foundation and the International federation of Clinical
Chemistry (12). Sampling, storing and chemical analysis were also conducted in
compliance with the mentioned clinical guidelines. This can be considered one of the
strengths of the present study along with the use of gold standard methods to evaluate

aBMD.

There are some limitations that should also be acknowledged such as the intrinsic
variability of bone turnover markers which could have been further controlled with
repeated blood and urine sampling. Also, the wide age range might compromise the
applicability of the results. However, it should be pointed out that chi-square tests showed
that there were no differences among the study groups regarding the sex and pubertal stage

distributions.
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In conclusion, this specific vibration training protocol resulted in decreases in bone
turnover markers in comparison with control swimmers, especially in bone formation
markers in early puberty. Therefore, WBYV training might not be an ideal intervention to
elicit an osteogenic response in adolescent swimmers and alternative training protocols or

modalities should be explored.
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4.6 Design of a computer model for the
identification of adolescent swimmers

with low BMD
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ABSTRACT

Purpose: This paper aims to elaborate a decision tree for the early detection of adolescent
swimmers at risk of presenting low bone mineral density (BMD), based on easily

measurable fitness and performance variables.

Methods: Bone mineral status of 78 adolescent swimmers was determined using dual-
energy X-ray absorptiometry (DXA) scans at the hip and subtotal body. Participants also
underwent physical fitness (upper and lower body strength, running speed and
cardiovascular endurance) and performance (swimming history, speed and ranking)
assessments. A gradient boosting machine regression tree was built in order to predict BMD
of the swimmers and to further develop a simpler individual decision tree, using a subtotal

BMD height-adjusted Z-score of -1 as threshold value.

Results: The predicted BMD using the gradient boosted model was strongly correlated
with the actual BMD values obtained from DXA (r=0.960, p<0.0001) with a root mean
squared error of 0.034 g/cm?. According to a simple decision tree, that showed a 73.9% of
classification accuracy, swimmers with a body mass index (BMI) lower than 17 kg/m? or
a handgrip strength inferior to 43kg with the sum of both arms could be at higher risk of

having low BMD.

Conclusions: Easily measurable fitness variables (BMI and handgrip strength) could be
used for the early detection of adolescent swimmers at risk of suffering from low BMD.
The presented decision tree could be used in training settings to determine the necessity of

further BMD assessments.

Keywords: Osteoporosis prevention; decision tree; physical fitness
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INTRODUCTION

Osteoporosis is a metabolic disease that is characterized by a deterioration in skeletal tissue
including a clinically low bone mineral density (BMD) and a compromise for the
microarchitecture of the bone (29). Osteoporosis affects 22.1% of women and 6.6% of men
over 50 years in the European Union and the total number of patients with this condition is
expected to increase in the following years due to demographic variations (30). This
structural fragility entails a lower tolerance to stress which may play a role in up to a 90%
of bone fractures (33). These osteoporotic fractures have been linked to a decrease in the
quality of life, to the apparition of disabilities or even mortality (35). Nowadays,
osteoporosis treatment and prevention has become one of the primary concerns for
healthcare systems in developed countries (34). In fact, a total of 33 different clinical
practice guides on osteoporosis screening and management issued by institutions all around
the globe have been identified and evaluated in a recent systematic review (250),
concluding that collaboration and consensus is needed in the elaboration of these

guidelines.

Adolescence stands as a decisive period for osteoporosis prevention, since around 40% of
adult bone mass is created during this stage (18) and will influence the peak BMD reached
in early adulthood. Achieving the highest peak BMD possible is key for the prevention of
osteoporosis later in life (18), given that fracture risk is expected to be halved with an

increase of one standard deviation in peak bone mass (156).

Physical activity participation and calcium intake are among the controllable factors that
are known to affect bone health during childhood and adolescence (16). Consistent and
positive effects on bone development have been found by different reviews focused on

sport practice (55) and exercise interventions (53). Additionally, these benefits on bone
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status obtained from physical activity have been observed to persist in later stages in life
(134). However, not all sport modalities have proven to be beneficial to bone, especially
non-weight bearing activities such as swimming may not have a positive effect on bone

health (251).

Osteoporosis has been defined as a “silent” disease, given that no pain or other symptoms
are perceived by the subject who is affected by this condition (33). For this reason,
osteoporosis and low BMD can remain undetected for years and sometimes it is only
discovered once the osteoporotic fracture has occurred. There are subjects, thus, who are
unknowingly affected by this condition, unaware of their higher risk of fracture and while

this condition remains unnoticed no preventive measures could be taken.

Early detection of subjects affected by low BMD is therefore of paramount importance. As
such, public health recommendations include an osteoporosis screening for the elderly (42)
using the current gold standard method for BMD evaluation, which is the dual-energy X-
ray absorptiometry (DXA). However, this clinical evaluation is rarely performed in other
population segments, which might also be susceptible from suffering of a decreased BMD

such as swimmers.

Correctly identifying the target group for BMD assessments is important regarding the cost-
effectiveness of osteoporosis management (252). However, performing a DXA scan to all
adolescent swimmers would not be cost-effective, especially taking into account that the
younger the target group, the higher the number of scans needed to prevent one fracture
(43). For this reason, the assessment of different variables related to BMD, more accessible
to researchers or healthcare workers, may provide a tool for determining which subjects

might need a deeper evaluation of their bone mineral status.
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Therefore, the main goal of the present study is to elaborate a screening method for
detecting potential risk of low BMD in adolescent swimmers based on easily measurable

variables.

MATERIAL AND METHODS

Participants and study design
Eighty-six adolescent swimmers (41 females, all Caucasian and aged 10-18 years)
participated in the present cross-sectional study, which is part of the broader
RENACIMIENTO project (75). Participants had to have a minimum of 3 years of regional
swimming competition experience and train at least 6 hours per week in order to be part of
the study. Exclusion criteria included smoking, taking medication known to alter bone and

suffering from chronic diseases or musculoskeletal disorders.

Written informed consent from parents was obtained and all participants expressed their
agreement. The protocol study was approved by the Ethics Committee of Clinical Research
from the Government of Aragén (ref. CP08/2012, CEICA, Spain) and the ethical guidelines
for human research outlined by the Declaration of Helsinki (revision of Seoul 2008) were

followed.

Anthropometric and bone measurements
Participants underwent the anthropometric examination wearing no shoes and minimal
clothing. Height was measured with a stadiometer to the nearest 0.1 cm (SECA 225, SECA,
Hamburg, Germany) and weight to the nearest 0.1 kg with an electronic scale (SECA 861,
SECA, Hamburg, Germany). Body mass index (BMI) was calculated as weight (kg)

divided by squared height (m?).

Bone mineral content (g) and areal BMD (g/cm?) was determined by means of a dual-

energy X-ray (DXA) scan at the whole body and the hip, evaluated with the pediatric
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version of the QDR-Explorer software, version 12.4 (Hologic Corp., Bedford, MA, USA).
All the scans were performed by the same qualified operator who had been trained in the
operation of the scanner, the positioning of subjects, and the analysis of scans, according
to the manufacturer’s guidelines. Coefficients of variation for the DXA measurements in
our laboratory have already been published (83) and were 2.3% for BMC and 1.3% for

BMD.

Subtotal (whole body less head) BMD height-adjusted Z-scores were calculated according
to the reference values provided by Zemel et al. (253). A Z-score of -1 was used as the
threshold value for the purpose of categorizing subjects with a low BMD. Subtotal whole
body was used as it is one of the regions recommended by the International Society for
Clinical Densitometry in pediatric populations (38). Height-adjustment is also advised in

this official stand (38).

Evaluation of pubertal stage
Pubertal maturation was determined by self-assessment of secondary sexual characteristics,
with the assistance of a graphical scale, following the method established by Tanner (84),
which has been demonstrated as a valid and reliable method to assess sexual maturity

among adolescent athletes (247).

Fitness assessment
Four different components of physical fitness were assessed using field tests. Strength of
the upper limbs was determined by the sum of both arms in a maximum isometric handgrip
strength with a dynamometer (TKK 5101, Takei Corp., Tokio, Japan), while strength of the
lower limbs was assessed by the standing long jump test. Running speed was calculated
from the time to complete a 30-m sprint, and aerobic endurance was assessed by means of

a 20-m shuttle run test (78). All tests were performed twice and the best result from both
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attempts was recorded with the exception of the aerobic endurance test, which was

performed once.

Performance and questionnaires
Swimming history was acquired from a self-reported questionnaire in which participants
stated their weekly hours of training and their swimming competition experience (in years).
The structured questionnaire also included information of current and past participation in
other sports. Additionally, swimming performance was obtained consulting the official
timing of swimming competitions, recording the participants’ time in 50-m free-style and
their FINA ranking points, an official metric used by the International Swimming
Federation to track the performance of swimmers. Daily calcium intake (in milligrams) was
calculated from a food frequency questionnaire that included daily, weekly and monthly
consumption frequency of various calcium-containing aliments such as cheese or bread

(254), which has been validated for adolescent swimmers (85).

Statistical analysis
Statistical analyses were performed using SPSS for Windows version 22.0 (SPSS Inc.,
Chicago, IL, USA) with the significance level set at p<0.05. Additionally, the construction
of the decision tree was performed with the statistical programming language R (90),

including the packages rpart (255) and gbm (256).

Kolmogorov-Smirnov tests were used to confirm the normality assumption and outlier
exploration was performed for all variables included in the study. T-tests for independent
samples were used to check the differences between subjects with and without low BMD

values on the fitness and performance variables.
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Decision tree modelling
70% of the sample was randomly selected to build a decision tree in order to identify the
fitness and performance variables that perform a better discrimination between BMD
groups, whereas the remaining 30% of the sample was used to test its classification
accuracy. Cross tabulation of sex and pubertal development status across groups was
performed and chi-square statistics were used to determine the homogeneity of the group

distribution in categorical variables between the training and testing subsamples.

Two decision trees were constructed, following different approaches. The first one was a
regression tree (treating hip BMD as a continuous variable) fitting all measured variables.
Gradient boosting (257,258) was implemented to increase its precision. From this initial
computer model, a second model was developed. This decision tree (259) included solely
the nine variables that were significant in the previous model and considered only two
possible outcomes; being above or below a Z-score of -1 on the total hip BMD. A summary
of the variables included in the decision tree modelling is provided in Supplementary
Table 1. The code used for the construction of both models can be consulted in

Supplementary Material 1.

RESULTS

Participant characteristics
After removing participants with incomplete or outlier data, 78 participants out of the total
sample of 86 swimmers were analyzed. Table 1 presents their descriptive characteristics,
stratified according to their random allocation to the training or testing subsample. No

differences between groups were found for any studied variable.
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Table 1 — Descriptive characteristics of the participants

Tesis Doctoral Internacional

General characteristics
and anthropometric
variables

Overall (n=78)

Training (n=55)

Testing (n=23)

Sex (male/female)

Tanner stage (I/II/III/IV/V)
Age (years)

Height (cm)

Weight (kg)

BMI (kg/m?)

Bone mineral variables

40/ 38

2/18/16/38/7

143+1.9
163.8+12.0
543+12.1

20.0+2.5

Overall (n=81)

26/29

1/10/13/27/4

143+1.8
163.1 £11.3
53.3+11.2
19.8+2.3

Training (n=57)

14/9
1/6/3/11/2
143+2.2
1654+ 13.5
56.7+13.9
204+2.8

Testing (n=24)

Subtotal BMC (g)
Subtotal BMD (g/cm?)
Total hip BMC (g)
Total hip BMD (g/cm?)

1388 £416
0.867+£0.113
299+9.1
0.888 £ 0.133

1350 +£392
0.858 £0.108
289 +8.2
0.879 £ 0.136

1481 + 465
0.889 £0.123
32.1+10.6
0.907 £0.126

Categorical variables expressed as frequencies

Continuous variables expressed as mean + standard deviation

No significant differences between groups were found

The results from the fitness and performance comparison between participants above and

below the threshold in total hip BMD Z-score can be observed in table 2. Differences were

found between groups for the handgrip strength, long jump, 50-m swim and FINA points

(all p<0.05).
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Table 2 — Fitness and performance comparison between subjects

with and without low BMD
Not low BMD
Fitness variables  Overall (n=78)  Low BMD (n=24) (n=54)
Handgrip strength (kg) 53.5+17.3 46.3 £ 16.1 56.7 +17.0*
Long jump (cm) 185.6 +30.4 1743 +31.8 191.0 + 28.5*
30-m run (s) 521+£0.48 5.33+£0.42 5.15+0.50
VO2max (mL/kg/min) 504+53 493+5.0 51.0+£5.3
Training and performance Not low BMD
variables  Overall (n=78)  Low BMD (n=24) (n=54)
Weekly training (h) 10.0 +2.1 9.8+2.1 10.0+2.1
Swimming history (years) 79+29 7.6+2.7 8.0+3.0
50-m swim () 31.2+£3.5 32.8+44 30.5+2.8*%
FINA points 354 + 84 317 +£82 370 + 80*

Values expressed as mean + standard deviation
*Significant differences compared to the low BMD group

Gradient boosting machine regression tree
After scouting and tuning hyper-parameters for the gradient boosting machine
(Supplementary Material 1), the optimal robustness was found using a total of 5 iterations
of the gradient boosting model. Nine of the variables included in the model had a significant
influence. An overview of the significant variables is provided in figure 1, where it can be
observed that height and weight are the variables that contribute the most to the model

prediction (41.9 and 18.5% respectively), followed by the handgrip strength (8.4%).

When this computer regression model was applied to the 30% of the sample intended to
test its prediction accuracy, a root mean squared error of 0.034 g/cm? was obtained. The

BMD values obtained from the model were significantly correlated with the actual BMD
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Figure 1 - Relative contribution of the main variables of the ensemble model
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values as measured by DXA (r=0.960, p<0.0001, figure 2). When converted into the
correspondent height-adjusted Z-scores, an 73.9% of classification accuracy was reached

when comparing participants above and below the proposed threshold.

Individual decision tree
Figure 3 shows the development of a single classification tree that splits the training sample
into four terminal nodes. According to this model, subjects who have either a BMI under
17 kg/m? or less than 43 kg of handgrip strength (summing both arms) present the higher
risk of having low subtotal BMD for their age and height. This individual decision tree has

an overall classification accuracy of 73.9%, a sensitivity of 50% and a specificity of 82.4%.

Figure 3 - Individual decision tree
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DISCUSSION

Main results and relevance
The main results from the present document are that physical fitness and performance
variables can be used for the prediction of low BMD in adolescent swimmers and establish

the appropriateness of further body composition examinations.

The relevance of the present study is the development of a practical tool for an initial
screening of adolescent swimmers at risk of suffering from low BMD. The swimming
trainers or healthcare workers can easily measure all the variables included in the model
without demanding requirements of material or human resources. Most variables can be
measured with the help of a questionnaire or a chronometer, being the main exception the
handgrip test, which requires a dynamometer. However, the use of this test is justified for
three reasons, since it has been related to other health and performance parameters
(260,261), it contributes significantly to both the regression and decision models and it

should also be noted that it is a particularly quick, cheap and simple test.

Regarding the specific results of the gradient boosting machine model, height and weight
of the participants were the variables that affected the most to their BMD. However, some
physical fitness and performance variables accounted for some of the model prediction,
especially handgrip strength. The mean squared error of the model did not result in a
systematic or proportional bias in the prediction of the total hip BMD. The classification
accuracy of 0.739 is not perfect but it is better than chance alone and similar than the areas
under the curve (AUC) reported (262) for other screening strategies devised for
postmenopausal women such as the FRAX tool (263) (AUC: 0.60), the Simple Calculated
Osteoporosis Risk Score (264) (AUC: 0.72) and the Osteoporosis Self-Assessment Tool

(265) (AUC: 0.73).
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These results are obtained from the model that includes all sixteen variables in a gradient
boosting machine and can provide interesting theoretical information. However, this model
might not be easy to implement, since it requires a high number of measurements and a
computer evaluation of the model. In order to offer a useful tool for trainers that might not
have the time and skills needed to perform the complete evaluation, an individual decision

tree is provided, which is based solely on the handgrip test and BMI measurement.

In the particular case of our testing sample, three out of the six participants that actually
had a subtotal BMD Z-score below -1 would have been recommended to undergo a DXA
scan based on the results from our model. Also, only two of the other seventeen participants

of the subsample would have been erroneously advised to have their BMD checked.

The accuracy and validity of both the gradient boosting model and the individual decision
tree have been assessed with the perspective of trying to simultaneously optimize both the
sensitivity and the specificity of the model. However, decision tree analysis allows
penalizing differently false positive and false negative cases, by assigning their specific
costs. This might be interesting, since it could be argued that in this particular it might be
preferable to have a healthy subject scanned rather than failing to identify a participant at
risk of having low BMD. A cost-effective analysis of the osteoporosis prevention system
could reveal the actual cost of a false negative over a false positive that would in turn
provide the optimal balance between specificity and sensitivity that the model should seek.
However, doing so would require specific evaluation of the costs of healthcare
interventions, which may vary between countries and would therefore limit the

geographical applicability of the model.

It is important to note that the purpose of the presented models is not to provide clinical

diagnostic or to replace the need DXA scans in any way, but rather is to complement them,
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serving as a previous screening filter for detecting those subjects who would benefit the
most from a DXA assessment. The cost-effectiveness of the osteoporosis screening
protocol for postmenopausal women has been confirmed (252). However, the final
implementation of these protocols is not always comprehensive, and sensitization strategies
have been implemented (266,267). A previous study that evaluated the effects of the
implementation of a temporary clinical case finding strategy for osteoporosis detection in
postmenopausal women showed a great improvement of the screening policy using a
simple index based solely on the age and weight of the subject (268). Additionally, model-
based tools have been successfully implemented to assess fracture risk in the elderly in the
framework of clinical osteoporosis management (263). However, to the best of our
knowledge, no similar studies have been performed with adolescent swimmers. We
consider that this is of primary importance, given the popularity of this sport nowadays in
the young populations, and that it will permit the early identification of individuals with
low BMD, and it will allow to start taking action early and act preventively in order to

avoid future cases of osteoporosis.

Limitations and future research
Some limitations have to be acknowledged as well. The reduced size and the wide age
range of the test subsample might require the confirmation of the validity and adjustment
of the model in specific populations. However, it should be pointed out that no differences
in age or sex distribution were found between the testing and training subgroups or among
the low and normal BMD groups. Additionally, even though fitness and nutrition variables
were considered, there might be other variables that affect BMD included in the regression
algorithm. Future research should confirm the applicability of the model in other samples
as well as to investigate if the addition of other easily measurable variables could improve

the prediction accuracy.

-210 -



Resultados y discusion [Results and discussion]

Conclusion
In conclusion, this study presents a theoretical model and a practical tool for early detection
of adolescent swimmers at risk of low BMD that can be quickly applied by swimming
trainers or health professionals that work as a first step to seek clinical advice to those

subjects that were previously unaware of their condition.
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Conclusiones y aportaciones principales [Conclusions and main contributions]

Conclusiones

Articulo I. La condicion fisica, considerada de forma holistica, esta relacionada
con parametros estructurales y mecanicos del hueso ya en la etapa preescolar.
Considerando los componentes individuales de la condicion fisica, los valores de
fuerza y agilidad son los que mayor correlacidon muestran con los parametros 6seos.
No obstante, esta relacion parece ser exclusiva de los parametros estructurales,
puesto que no se encontraron resultados significativos con respecto a la densidad
mineral 6sea volumétrica.

Articulo Il. La intensidad de actividad fisica que muestra una mayor correlacion
con el contenido y densidad mineral 6seos es la vigorosa. Los adolescentes que
participaron en al menos una tanda de cinco minutos consecutivos de actividad
fisica vigorosa presentaron mejores parametros 0seos, especialmente a nivel del
cuello femoral, que aquellos que no lo hicieron. La participacion en tandas mas
prolongadas, de al menos 15 minutos, parece relacionarse con valores de densidad
mineral 6sea aun mas elevados.

Articulo I11. Se observa un claro efecto osteogénico de la practica de actividad
fisica vigorosa durante la pubertad temprana. Los adolescentes que eran inactivos
en la medicion inicial pero incrementaron sus niveles de actividad fisica en la
evaluacion final experimentaron mayores incrementos en su densidad mineral dsea
que aquellos que permanecieron inactivos en ambas etapas del estudio, llegando a
hacer desaparecer las diferencias observadas en la evaluacion inicial con respecto a
los participantes que ya eran activos al comienzo del estudio.

Articulo 1V. El entrenamiento vibratorio de cuerpo completo muestra potencial
para la mejora del contenido mineral 6seo de nifios y adolescentes con valores

reducidos de estos parametros. Por otra parte, con respecto a la preservacion de la
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masa oOsea en mujeres postmenopausicas los beneficios observados del
entrenamiento vibratorio son inexistentes o poco relevantes clinicamente, por lo que
su uso principal seria como terapia alternativa para aquellas personas que fueran
incapaces de realizar un entrenamiento convencional. Existe una gran
heterogeneidad entre los distintos protocolos de entrenamiento vibratorio y todavia
se desconocen los parametros idoneos para maximizar la respuesta osteogénica.
Articulo V. Los nadadores que participaron en la intervencion con plataforma
vibratoria presentaron valores inferiores de marcadores de metabolismo dseo en
comparacion con los controles normoactivos y el resto de nadadores. Esta reduccion
se observa especialmente en los marcadores de formacion o6sea de aquellos
participantes en las etapas tempranas de la pubertad. Por lo tanto, no se recomienda
el uso de este protocolo en nadadores adolescentes, siendo necesaria la exploracion
de otras alternativas, como distintos protocolos de vibracion o modalidades de
gjercicio completamente distintos.

Articulo VI. Un sencillo algoritmo de clasificacion basado en el indice de masa
corporal y la fuerza de prension manual puede ayudar a identificar a los nadadores
en riesgo de presentar una densidad mineral 6sea inferior a la media. Estas variables
se pueden evaluar de manera rapida y sencilla por lo que se podria implementar su
valoracion en el entorno de los clubes deportivos. Ademas, la utilizacion de una
bateria mayor de pruebas junto con un modelo de clasificacion mas complejo
permitié la estimacion del contenido mineral dseo, presentando una elevada

correlacion con los resultados obtenidos mediante DXA.



Conclusiones y aportaciones principales [Conclusions and main contributions]

Conclusions

Manuscript I. Physical fitness as a whole is related to structural and mechanical
properties of bone, already at preschool age. Regarding the individual components
of physical fitness, strength and agility are the ones that present the highest
correlation with bone parameters. This relationship, however, seems to be exclusive
of structural variables, since no significant correlations were found with volumetric
bone density.

Manuscript 1. Vigorous physical activity is the activity intensity that shows the
highest correlation with bone mineral content and density. Adolescents that
engaged in at least one S-minute bout of vigorous physical activity presented higher
bone mineral parameters, especially at the femoral neck, than those who didn’t.
Participation in longer bouts, of 15 minutes or more, seems to be related with an
even better bone mineral status.

Manuscript Ill. A clear osteogenic effect of vigorous physical activity was
observed during early puberty. Boys who were inactive initially but increased their
physical activity participation during the follow-up measurements presented higher
increments of bone mineral density than those who remained inactive. Moreover,
these participants were able to reach a similar bone mineral status than those who
were already active at the beginning of the study.

Manuscript 1V. Whole-body vibration training might be useful to improve bone
mineral status in children and adolescents with compromised bone mass. On the
other hand, the effects of this type of training on postmenopausal women are small
and clinically irrelevant, and therefore its main application would be as an

alternative training for those patients unable to take part in regular exercise
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interventions. There is a great heterogeneity among the different vibration protocols
and the optimal parameters for eliciting an osteogenic response are still unknown.
Manuscript V. Swimmers that took part in the whole-body vibration training
showed lower levels of bone turnover markers when compared to normoactive
controls and other swimmers, especially regarding the formation markers in early
pubertal participants. Therefore, adolescent swimmers should not participate in this
vibration protocol and different training modalities should be explored.
Manuscript VI. A simple classification algorithm based on the body mass index
and the handgrip strength might help identifying those swimmers at risk of having
low bone mineral density. These variables can be measured in a quick an easy
manner and therefore, this assessment could be included in training settings.
Additionally, the use of a more extensive set of tests alongside with a more complex
classification algorithm allowed to estimate the bone mineral density of the

swimmers, showing a high correlation with the values obtained by DXA.



Conclusiones y aportaciones principales [Conclusions and main contributions]

Aportaciones principales de la Tesis Doctoral

Gracias a los resultados obtenidos en el estudio del proyecto PREFIT (articulo I),
se demuestra que la condicidn fisica juega un papel fundamental en la estructura
Osea, ya en las primeras etapas de la vida. Ademas, se recalca la importancia de
considerar la condicion fisica en su conjunto, ya que puede proporcionar resultados
que van mas alla de la mera suma de sus componentes individuales.

A partir del estudio transversal realizado en Estonia (articulo II) se han definido los
patrones de practica de actividad fisica vigorosa que se relacionan con una mejor
salud 6sea, atendiendo no solo a la intensidad y duracion total sino también a la
frecuencia y duracion de cada periodo de practica de actividad vigorosa. Asimismo,
al ampliarse estos datos en el estudio longitudinal (articulo III) se dan claros
argumentos en favor de la participacion en actividad fisica vigorosa, al demostrarse
que esta es beneficiosa para la salud 6sea de los adolescentes que comienzan a
realizarla, asi como para la de aquellos que perseveran en su practica.

La revision de revisiones sistematicas (articulo I'V) cumple una doble finalidad, al
recopilar en un solo documento la informacion existente actualmente con respecto
al entrenamiento vibratorio de cuerpo completo como herramienta enfocada hacia
la mejora de la salud 6sea y permitiendo a su vez la identificacion de los grupos
poblacionales que mas se pueden beneficiar de este tipo de entrenamiento.
Aunque los resultados encontrados en el estudio de intervencion del proyecto
RENACIMIENTO (articulo V) fueron inesperados, esto no impide la extraccion de
conclusiones y aplicaciones a partir de ellos. Se ha identificado un protocolo de

entrenamiento que no es efectivo de cara a la estimulacién osteogénica de los
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nadadores adolescentes, lo que a su vez puede servir para redirigir los esfuerzos de

posibles intervenciones o lineas de investigacion futuras.

e Por ultimo, el desarrollo del algoritmo de decision del estudio transversal del
proyecto RENACIMIENTO (articulo VI) se realizd teniendo presente la
importancia de su transferibilidad practica. De esta manera, se ha conseguido
proporcionar a los entrenadores y monitores una herramienta rapida y sencilla
que permite identificar a aquellos nadadores que pueden ser mas vulnerables a

un problema de deficiente mineralizacion Osea.
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Main contributions of the Thesis

Thanks to the results obtained in the study that was part of the PREFIT project
(manuscript I), the crucial role that physical fitness plays on bone structure already
on the first stages of life is highlighted. Moreover, it is shown that physical fitness
considered as a whole can provide results that go beyond the mere addition of its
individual components.

From the Estonian cross-sectional study (manuscript II), the patterns of vigorous
physical activity participation that are related to an improved bone health were
defined, taking into consideration not only the overall duration and intensity but
also the frequency and duration of the vigorous activity bouts. When these data are
completed with the longitudinal results (manuscript III) a clear point towards the
encouragement of vigorous physical participation for the improvement of bone
health is provided. It is proven that both engaging and maintaining high levels of
vigorous physical activity participation are beneficial for bone development during
puberty.

The overview of systematic reviews (manuscript IV) served a dual purpose,
summarizing the scientific literature currently available on the topic of whole-body
vibration training as a tool for the improvement of bone health as well as identifying
the target populations that might benefit the most from this type of training.

Even though the results found in the intervention study that was part of the
RENACIMIENTO project (manuscript V) were unexpected, this does not mean that
these results are not useful or that conclusions cannot be drawn from them. The

training protocol used has been identified as ineffective in the promotion of
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osteogenesis, which could, in turn, help redirect the focus of future interventions or
research.

Lastly, during the development of the decision algorithm from the
RENACIMIENTO project (manuscript VI) its applicability on real practice was
considered of paramount importance. As a result, swimming coaches can now use
this quick and simple tool that might help them identify those swimmers that are

more likely to be suffering from low bone mineral density.
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précticas y un trato amigable que confirman el acierto de mi decision de realizar la tesis
contigo.

José Antonio, creo que no me equivocaria afirmando que representas las cualidades
que todos los miembros de GENUD aspiramos a alcanzar algun dia. No sdlo capitaneas el

equipo, siendo el primero que se preocupa por el rigor en nuestro trabajo, sino que ademas
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te aseguras de que este repercuta en una contribucion a nuestra sociedad, mientras también
atiendes al bienestar de cuantos te rodean. En lo que a mi persona respecta debo agradecer
tu cuidado de mi formacion, ddndome distintas oportunidades tanto en el campo docente
como en el investigador, asi como tu preocupacion para conseguir financiacion, desde la
impresion de un poster hasta las becas predoctorales.

Alba, fuiste la ultima en incorporarte como directora de esta Tesis, pero no por ello
tu contribucion ha sido menos importante. Como ti misma has dicho, en ocasiones puede
parecer que no necesite ayuda ya que soy relativamente independiente y autdbnomo a la hora
de sacar adelante el trabajo. Sin embargo, también eres consciente de que tiendo a perder
el rumbo de mis esfuerzos si se me deja a la deriva y ti siempre has sido capaz de enderezar
el timon, sabiendo tanto animarme como ponerme los puntos sobre las ies cuando era
necesario en cada caso. Muchas gracias por esto y por todo.

En el grupo de investigacion GENUD hay muchos espejos en los que mirarse y sofiar
en llegar a ser algin dia como ellos. Todos los ya mencionados estarian incluidos en esta
lista, pero Aguero también es uno de ellos. Cuando llegué¢ por aqui, tan s6lo eras una
historia que tus directores y compafieros contaban orgullosos: la del compafiero que leyo la
tesis y cogid las maletas de camino a Gales para luchar por su sueno de dedicarse a la
docencia y la investigacion. Al poco tiempo regresaste con estos objetivos cumplidos y me
demostraste el motivo de tu éxito, ya que eres capaz de trabajar sin descanso y compartir
algunas de mis tendencias mas “frikis” mientras mantienes un talante que hace que todo el
mundo alrededor tuyo quiera ser tu amigo.

Hablando de espejos, aquellos en los que mas a menudo he intentado verme reflejado
han sido sin duda Matute y Bruton. Cuando llegué, eran los estudiantes que estaban cerca
de defender su tesis, si bien ya habian demostrado suficientemente su excelencia

investigadora. Aunque a mi, lo que mas me llam¢ la atencioén fue la tremenda intensidad
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con la que vivian todos los aspectos de su vida, desde la organizacion de las pruebas de
campo hasta las discusiones por cualquier tonteria que surgiera en el momento como la
distribucion de la presion de las patas de una mesa. Con el tiempo, sin embargo, he podido
apreciar y admirar como esa intensidad se traduce en dedicacion al trabajo que finalmente
os ha convertido en referencias indiscutibles y casi miticas para los estudiantes que hemos
ido detras (aquellos doctorandos que defendieron sus tesis con j13 articulos!). No puedo
mas que daros la enhorabuena por vuestros logros, desearos que sigan llegando buenas
noticias y agradeceros toda la incalculable ayuda e inolvidables recuerdos que habéis
supuesto para mi.

Hay dos personas dentro del grupo que empezaron las andanzas del doctorado
practicamente al mismo tiempo que yo, Gabri y Borja. Al primero tuve la fortuna de
conocerlo durante nuestros estudios de Grado, donde ya empez6é a dar muestras de la
capacidad de trabajo y el compafierismo que le caracterizan, con un corazoén bondadoso y
una gran preocupacion por la calidad de su trabajo. Borja, por su parte, se encontraba en
una situacion probablemente méas complicada al encontrarse sin posibilidad de financiacion
y centrarse en la faceta de rendimiento, menos habitual dentro de este grupo de
investigacion. Sin embargo supo acomodar perfectamente estas circunstancias dentro del
equipo de trabajo y de los estudios de doctorado, lo cual considero que demuestra una gran
valia. Con estas dos personas ha sido probablemente con las que he compartido mas horas
de despacho, de lamentos, de ensonaciones y de reflexiones, de las cuales he disfrutado
todas y cada una de ellas.

Antes de continuar con el resto de agradecimientos, me gustaria resaltar que, si bien
he ido apelando principalmente a las cualidades profesionales de mis compaieros y
directores seria tramendamente injusto no mencionar también el extraordinario ambiente

de trabajo y trato personal que hace que mas que compafieros os llame amigos. Cada viaje
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o congreso son fuente de momentos divertidos y anécdotas que se recordaran mucho
tiempo, como haré sin duda con la despedida de soltero que os tomasteis la molestia de
prepararme y en la que estuvo presente todo el grupo. Os lo agradeci en su momento, pero
quiero volver a hacerlo aqui y dejarlo plasmado, porque creo que también es un gran
indicador de la calidad humana de todos los miembros de este equipo. Muchas gracias de
corazon.

Ese ambiente dentro del grupo no seria el mismo sin todas las personas que voy a
mencionar a continuacion. Me vais a perdonar que no os dedique un apartado a cada uno,
pero con la cantidad de personas que formamos el equipo y la velocidad de las nuevas
incorporaciones, este apartado de agradecimientos terminaria extendiéndose mas alla de la
propia Tesis. Al politico Navarrete y su “secretaria” Ana quiero enviarles 4nimos para que
continllen con su buen trabajo dentro de sus estudios de doctorado y agradecerles los
momentos compartidos en el proyecto de mayores, el cual creo que ha tenido un gran
refuerzo con Angel, de quien espero seguir recibiendo correctivos tenisticos. Adrian y José
Luis, indistinguibles para algunos, también estan comenzando su trayectoria investigadora,
la cual auguro un brillante recorrido vista su avidez por el conocimiento cientifico,
demostrada por los estudios simultaneos del primero y del segundo, la voluntariedad para
formar parte de trabajos de investigacion, ya desde su primer afio como estudiante de Grado,
lo cual recuerdo y agradezco. Con Cristina puede que llevemos un poco menos de tiempo
trabajando juntos, aunque ha sido intenso, cadtico y por encima de todo, divertido. A su
gemela exergaming Lorena lo unico que puedo decirle de momento es que aproveche todo
el potencial que demuestra y que prometo no repetir ninguna “cobra” estadistica. Al igual
que con el resto del grupo, espero poder pasar mucho mas tiempo trabajando junto a
vosotras. A Jorge, tocayo y compafiero oscense, me gustaria desearle mucho éxito en sus

todos proyectos (otro mas que se atreve a compaginar los estudios de doctorado y Medicina)
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y también muchas tardes de disfrute en el Alcoraz. Por ultimo, al recién llegado Marcos,
asegurarle que, como probablemente ya haya podido empezar a comprobar, dentro de este
grupo podra desarrollar todo su potencial y que los esfuerzos se ven recompensados.

Dear Jaak and Jarek, this PhD Thesis would have not been possible without you. |
am deeply thankful not only for your clever advice and scientific insight but also for the
kind hospitality that you displayed welcoming me. This is also applicable to the rest of your
team; Liina, Evelin, Priit and Rasmus, thank you. | am proud to say that | was your first
international student and that the memories from Tartu will always bring a smile to my
face.

Antes de cerrar el apartado mas académico de estos agradecimientos, me gustaria
mencionar la importancia de quienes nos permiten subirnos a los hombros de los gigantes
y de quienes eliminan los obstaculos en el camino de la ciencia. También querria dedicar
unas lineas a todas aquellas personas que han estado presentes en etapas anteriores de mi
formacion. Del Grado en Ciencias del Deporte en Huesca, dejar patente el grato recuerdo
de todos mis compaifieros, especialmente del ano de Erasmus vivdo junto a Paula y
agradecer la gran labor de todos los profesores, y particularmente el altruismo de Eva
GoOmez, quien no dudé un instante en recomendarme al grupo GENUD cuando le comenté
mis planes de comenzar el doctorado. Del master realizado en la UPM, querria agradecer
por un lado la formacién recibida de todos los profesores y el apoyo de los compaiieros,
particularmente de Carlos Lopez y Victor Jiménez, convertidos ya en brillantes
profesionales, y por otro trasladar un profundo agradecimiento al grupo de investigacion
ImFINE con Marcela a la cabeza y transmitir un recuerdo especialmente carifioso para
Raquel Aparicio con quien comparti los inolvidables comienzos de mi etapa investigadora.
Han ganado mucho en Miami con tu llegada y espero que seas muy feliz alli, especialmente

ahora que tienes al recién llegado Leo.
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Como he dicho al principio de esta seccion, tengo que agradecer a un gran niamero de
personas a mi alrededor su compatfiia a lo largo de este camino, que en ocasiones puede
tornarse arduo. Esta claro que los amigos son las personas que mas llevadero nos pueden
hacer este camino, de manera que quicro agradecer a Fri, Geppe y Bundy (ya veis que ni
en la tesis utilizo vuestros nombres reales) por llenar de carcajadas mi vida desde hace mas
de 15 afios. Ya no nos podemos ver tan a menudo como anteriormente y he de reconocer
que no soy precisamente el mas 4gil y concienzudo a la hora de atender el Whatsapp, pero
cuando nos juntamos queda demostrado que nuestra amistad sigue tan fuerte como siempre.
He tenido la suerte de poder establecer lazos de amistad con personas de diferentes
entornos, ya sea durante la carrera, las estancias en el extranjero o sencillamente en distintos
grupos como los amigos de mi hermano o de mi novia. Todos ellos han compartido conmigo
una de mis grandes aficiones en alguna noche de juegos de mesa; algunos mas bien
aguantandolas y otros disfrutandolas tan intensamente como yo (o incluso mas). En este
ultimo grupo incluiriamos sin lugar a dudas a Victor y Noelia con quienes espero pasar
muchas mas veladas entre tableros.

Como he intentado plasmar, he tenido mucha suerte con mi grupo de amigos, también
denominada “la familia que se escoge”, pero es que tampoco habria podido tener mejor
suerte con la familia que no escogi, la mia.

Ya desde pequeiio creci rodeado por el amor incondicional de mis abuelas Mari y
Lola, que todavia sigo recibiendo y mis abuelos Antonio y Ramiro, a quienes llevo en mi
memoria. Las reuniones familiares siempre han sido y son una fuente constante de alegria,
tanto en casa de mi padre con la comida abundante y los juegos cargados de risas y despistes
(que a su vez generan mas risas) junto a mis tias Rosa y Patricia y mi prima Sara, como
en la finqueta, donde también se come mucho y se complemeta con la piscina, el futbol o

simplemente dejando pasar el tiempo jugando a las cartas con mis tios Mariajo e Ifiaki y
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mis primos Diego y Laura. Otro miembro imprescindible de esas tardes en la finca es mi
tio Rami, a quien quiero dedicar un apartado especial. Has sido un pilar fundamental a lo
largo de toda mi vida, un apoyo constante en el dia a dia, en el ambito académico y cientifico
y también en el deportivo. No puedo hacer otra cosa mas que agradecértelo profundamente.

Hablando de pilares, esta claro que son mis padres, Tofio y Maril0 las personas a las
que debo todo; en definitiva, las personas que me han hecho ser como soy.

Mama4, qué no decir de ti. Has dado absolutamente todo por mi hermano y por mi,
entregandonos todo tu amor, compartiendo los momentos de felicidad y soportando por
dentro los momentos duros para que a nosotros no nos faltara de nada. Has sido un apoyo
constante, tanto desde el carifio diario como desde la comprension absoluta en los periodos
mas dificiles. Papa, a lo largo de las lineas anteriores he ido describiendo la gran capacidad
de trabajo de mis compaferos, sin embargo tengo clarisimo que mi referente indiscutible
con respecto al trabajo duro eres ti y también sé que el motivo por el que te has esforzado
tantisimo es de nuevo el bienestar de mi hermano y el mio. Espero poder ser algiin dia al
menos la mitad de buen padre de lo que vosotros lo habéis sido para mi. Os quiero mucho
a los dos.

Ya he mencionado a mi hermano Daniel varias veces a lo largo de este apartado, tanto
entre los amigos como entre la familia y es que eso eres para mi; no solo eres mi hermano
sino que también eres uno de mis mejores amigos. Se supone que el hermano mayor debe
servir como ejemplo al pequefio me encantaria pensar que haya podido ser asi ya que estaria
tremendamente orgulloso de haber podido contribuir aunque sélo sea en una pequefia
fraccion en formar la increible persona en la que te has convertido y que no ha hecho sino
mejorar en compaiiia de tu futura esposa, Zaza, a quien también quiero agradecer el tiempo
pasado juntos y reconocer su granito de arena dentro de este trabajo como parte de nuestra

familia. Espero que sigais siendo asi de felices juntos durante muchisimo tiempo.
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Y he dejado para el final a la persona mas importante para mi, Elena. Llegaste a mi
vida aproximadamente al mismo tiempo que comencé los estudios de doctorado y nuestra
relacion ha ido conviviendo con é€stos, ajustaindose de tal manera que este cambio de ciclo
a nivel académico coincide con un punto muy especial para nosotros, el de nuestro
matrimonio. Intentaré no extenderme mucho en la parte sentimental, ya que tengo que
dejarme algo para decirte precisamente en la boda. Sin embargo, creo que este es el lugar
idoneo para expresarte mi gratitud imperecedera por el apoyo fundamental que me has
supuesto durante este periodo y por aguantar a mi lado pese a todo aquello con lo que has
tenido que convivir, incluyendo la incertidumbre de mi disponibilidad, a mi ordenador
como compafiero inseparable de viaje o mis erraticos horarios de trabajo personal. Y no
so6lo es que hayas “aguantado” sino que lo has hecho con una sonrisa y sabiendo
mantenerme a flote en los momentos mas tristes. Tus 4nimos y tu conviccidon en mi
capacidad de sacar el trabajo adelante han sido los motores mas importantes que me han
permitido conseguirlo efectivamente.

Esta tesis estd dedicada a todas las personas que he ido mencionando, porque todas
ellas son partes importantes tanto de esta Tesis como de mi vida, pero especialmente a ti,
puesto que si no estuvieras a mi lado no creo que hubiera podido completar la tesis y no

soy capaz de imaginarme mi vida. Te quiero.
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Supplementary table 1 — Summary of group formation

Light or moderate PA

<230 min/day 2230 min day
“ Low volume High volume
3 0 No VPA bout No VPA bout
0
g (n=41) (n=42)
£
£
0 Low volume High volume
° S VPA bout VPA bout
o | 21
2
£ (n=49) (n=48)
2
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Table Al — Partial correlation coefficients between physical activity evolution
and bone growth, adjusted by body mass and skeletal age change (n=140)

A'WB A WB BMD A FN A FN BMD A LS A LS BMD

PA mean BMC (g) (g/cm?) BMC (g) (g/cm?) BMC (g) (g/cm?)
Sedentary -0.020 0.039 -0.079 -0.105 0.030 0.068
(min/day)

Light PA -0.001 0.003 -0.015 0.007 -0.094 -0.089
(min/day)
Moderate PA 4 139 -0.004 0.049 0.035 -0.072 -0.103
(min/day)
Vigorous PA 0.182 0.214 0.208 0.245 0.098 0.070
(min/day)
Overall PA 0.101 0.123 0.149 0.168 0.004 -0.032

(counts/min)

AWB A WB BMD AFN A FN BMD ALS A LS BMD

PA difference* BMLC (g) (g/cm?) BMC (g) (g/cm?) BMLC (g) (g/cm?)
Sedentary -0.016 -0.118 -0.135 -0.216 -0.094 -0.044
(min/day)

Light PA -0.023 0.044 0.028 0.012 0.009 0.015
(min/day)
Moderate PA - 4 o 0.064 0.074 0.105 0.074 0.027
(min/day)
Vigorous PA 0.074 0.198 0.197 0.254 0.143 0.081
(min/day)
Overall PA 0.089 0.214 0.215 0.279 0.192 0.139

(counts/min)
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Bold characters indicate significant correlations (p<0.05)
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Figure Al — Flowchart of the study sample

264 participants recruited

37 excluded

* 4invalid DXA scan

* 3invalid skeletal age assessment

* 30insufficient accelerometry
register

227 complete baseline measurements

/87 excluded \

*  32losttofollow-up

* 9invalid DXA scan

* 5Sinvalid skeletal age assessment

* 39insufficient accelerometry
register

\° 2 outliers /

A4

140 final sample
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Supplementary Table 1- Summary of the variables
included in the regression and decision trees

Variable type Variable names

Predicted outcome: Subtotal (whole body less head) bone mineral density
(BMD)

Physical fitness: Speed: Time to complete a 30-m sprint run
Handgrip strength: Sum of best attempts with both arms
Lower-limb strength: Distance in a standing long jump

Endurance: VOomax estimated from 20-m shuttle-run test

Swimming training and Weekly training hours, years of swimming history, time
performance: in 50-m swim, FINA points

Potential confounders: Age, sex, Tanner stage, height, weight, BMI, calcium
intake, participation in other sports

The variables highlighted in bold were statistically significant within the ensemble model
and were therefore used to construct the individual decision tree
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#loading necessary packages
library(dplyr)

library(rpart)
library(rpart.plot)
library(gbm)

library(ggplot2)

library(vip)

library(pdp)

library(boot)

library(ggpubr)

#loading data and isolating the variables included in model construction
load("RENACIMIENTO.RData")
treeDB<-renacimiento[,c(12,2:9,30:37)]

#for reproducibility
set.seed(1)

#randomly selecting 70% of the sample
random_index<-sample(1:nrow(treeDB),nrow(treeDB))
treeDB<-treeDB[random_index,]
train<-sample(1:78,round(78*0.7,0))

#creating a matrix to test different hyper-parameter values
hyper_grid <- expand.grid(

shrinkage = ¢(.01, .1, .3),

interaction.depth = c(1, 3, 5),

n.minobsinnode = ¢(2, 5, 8),

bag.fraction = ¢(.5, .75, 1),

optimal_trees =0,

min_RMSE =0
)

# grid search
for(i in 1:nrow(hyper_grid)) {
set.seed(123)

# training model

gbm.tune <- gbm(
formula = totalBMD ~ .,
distribution = "gaussian",
data = treeDBJtrain,],
n.trees = 100,
interaction.depth = hyper_gridSinteraction.depthli],
shrinkage = hyper_gridSshrinkageli],
n.minobsinnode = hyper_gridSn.minobsinnodeli],
bag.fraction = hyper_gridSbag.fractionli],
train.fraction =.75
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# adding min training error and trees to grid
hyper_gridSoptimal_trees[i] <- which.min(gbm.tuneSvalid.error)
hyper_gridSmin_RMSE[i] <- sgrt(min(gbm.tuneSvalid.error))

}

#checking best fits

hyper_grid %>%
dplyr::arrange(min_RMSE) %>%
head(10)

#fine-tuning hyper-parameter based on previous results
hyper_grid_fine <- expand.grid(

shrinkage = ¢(.1, .2, .3),

interaction.depth = ¢(3,5,7),

n.minobsinnode = ¢(2,3,4,5),

bag.fraction = c(.5,.625,.75),

optimal_trees =0, # a place to dump results

min_RMSE =0 # a place to dump results

)

# new grid search
for(i in 1:nrow(hyper_grid_fine)) {
set.seed(123)

# training model

gbm.tune <- gbm(
formula = totalBMD ~ .,
distribution = "gaussian",
data = treeDB[train,],
n.trees = 100,
interaction.depth = hyper_grid_fineSinteraction.depth[i],
shrinkage = hyper_grid_fineSshrinkageli],
n.minobsinnode = hyper_grid_fineSn.minobsinnode[i],
bag.fraction = hyper_grid_fineSbag.fraction[i],
train.fraction =0.75

)

# adding min training error and trees to grid
hyper_grid_fineSoptimal_trees[i] <- which.min(gbm.tuneSvalid.error)
hyper_grid_fineSmin_RMSE[i] <- sqrt(min(gbm.tuneSvalid.error))

}

#checking new best fits

hyper_grid_fine %>%
dplyr::arrange(min_RMSE) %>%
head(10)

#building single model with the identified parameters
set.seed(123)
boost.fit<-gbm(totalBMD™~.,

distribution="gaussian",
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data=treeDB|[train,],
n.trees=50,
interaction.depth = 3,
n.minobsinnode = 3,
bag.fraction=0.75,
shrinkage=0.3,
cv.folds=5)

boost.fit

#plotting model performance

png(filename = "cvError.png",width=1600,height=1600,units="px",res=300)
gbm.perf(boost.fit, method = "cv")

dev.off()

#plotting relative importance of variables

png(filename = "relativelmportance.png",width=1600,height=1600,units="px",res=300)
par(mar =c(5, 8, 1, 1))
vip::vip(boost.fit,n.trees=50,num_features=9)+theme_classic()+ylab("Relative influence (%)")
dev.off()

#predicting risk in test data to include them in the database
pred<-predict(boost.fit,n.trees=50,newdata=treeDB[-train,])

#loading database with the predicted and actual BMD values and its correspondent Z-score
load("predMat.RData")

#calculating root mean squared error
sgrt(mean((predMatSrealBMD-pred)”2))

#showing the accuracy of the prediction
table(real=!predMatSrealAdjZ>-1,pred=!predMatSpredAdjZ>-1)

#building single tree for practical application

indTreeDB<-renacimiento[,c(38,2:9,30:37)]

indTreeDB<-indTreeDB[random_index,]

indTree<-

rpart(risk~height+weight+finaPoints+handgrip+swimYears+time30m+time50m+BMI+age,
data=indTreeDB[train,],method="class",minsplit=20,
parms=list(loss=matrix(c(0,1,1,0),byrow=TRUE,nrow=2)))

#plotting contents of the individual tree

png(filename = "individualTree.png",width=1600,height=1600,units="px",res=300)
rpart.plot(indTree,box.palette=gray(seq(.6, 1, length.out=9)),type=5,extra=0)
dev.off()

#calculating the prediction on the remaining 30% of the sampling
indPred<-predict(indTree,newdata=indTreeDB|[-train,])[,2]>1/2

#showing the accuracy of the prediction
table(real=!predMatSrealAdjZ>-1,pred=indPred)
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Anexo |
i Infi Di bl
=== GOBIERNO P B
i DE ARAGON C.P. - C.I. P114/00111
Departamento de Sanidad 19 de noviembre de 2014

Bienestar Social y Familia ;

Dfia. Maria Gonzélez Hinjos, Secretaria del CEIC Aragdn (CEICA)

CERTIFICA

19, Que el CEIC Aragén (CEICA) en su reunién del dia 19/11/2014, Acta N° CP18/2014 ha evaluado la propuesta
del investigador referida al estudio:

Titulo: Evaluacién de la condicién fisica y estructura 6sea en preescolares
Investigador Principal: German Vicente Rodriguez. Universidad de Zaragoza

Versién protocolo: noviembre/ 2014
Versién hoja de informacién para los padres y consentimiento informado: noviembre/ 2014

20, Considera que

- El proyecto se plantea siguiendo los requisitos de la Ley 14/2007, de 3 de julio, de Investigacién Biomédica y su
realizacion es pertinente. :

- Se cumplen los requisitos necesarios de idoneidad del protocolo en relacién con los objetivos del estudio y estan
justificados los riesgos y molestias previsibles para el sujeto. .

- Son adecuados tanto el procedimiento para obtener el consentimiento informado como la compensacion prevista
para los sujetos por dafios que pudieran derivarse de su participacion en el estudio.

- El alcance de las compensaciones econdmicas previstas no interfiere con el respeto a los postulados éticos.

- La capacidad de los Investigadores y los medios disponibles son apropiados para llevar a cabo el estudio.

30, Por lo que este CEIC emite DICTAMEN FAVORABLE a la realizacién del proyecto.

A\ COMITE ENCO DE
IVESTIG INICA

=" Dfia. Maria Gonzélez Hinjos
Secretaria del CEIC Aragdn (CEICA)

Q@
& |
<l |

Pégina £ ¢

Tel, 976 7148 57 Fax. 976 71 55 54 Correo eléctrdnico mygonzalezh.ceicilaragon.es
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Anexo |l

HOJA DE CONSENTIMIENTO PARA PADRES/MADRES:
“EVALUACION DE LA CONDICION FISICA Y
ESTRUCTURA OSEA EN PREESCOLARES.”

D. / Dfid. o con DNIL n°........ccoiit. como
madre/padre/tutor de ..ot con fecha de
nacimiento ......................... delcurso ............... de preescolar declaro que:

He leido y comprendo la informacion que se me ha entregado.
Comprendo que la participacion es voluntaria.
Comprendo que mi hijo/a se puede retirar del estudio:

1. Cuando quiera.

2. Sin tener que dar explicaciones.

3. Sin que esto repercuta en los cuidados médicos caso de enfermedad o lesion
derivadas del estudio.

Presto libremente mi conformidad para que mi hijo/a pueda participar en el estudio
durante el horario escolar en su centro educativo.

Firma del padre/madre o tutor Fecha y lugar
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Anexo 11

HOJA DE INFORMACION PARA
PADRES/MADRES:
“EVALUACION DE LA CONDICION FISICA Y
ESTRUCTURA OSEA EN PREESCOLARES.”

El centro educativo en el que se encuentra su hijo/a ha sido seleccionado para la
participacion en un proyecto que pretende estudiar en nifios y nifias de 3-5 afios el nivel
de forma fisica utilizando un conjunto de test que evaltan: fuerza de prension manual,
salto a pies juntos, velocidad-agilidad 4x10, el test de ida y vuelta de 20 metros, y test
de equilibrio con una pierna, asi como peso, talla y perimetro de cintura. Todos
estos test se usan de forma frecuente en centros educativos de primaria y
secundaria en Espafia y resto del mundo. Estos test son sencillos y divertidos, y
s0lo requieren que la persona no tenga ninguna limitacion para realizar
Educacion Fisica. Esta nueva bateria adaptada a nifios/as de infantil recibiria el
nombre de Bateria de condicion fisica PRE-FIT. Ademas se estudiara la composicion
corporal y especificamente la fortaleza del hueso de estos nifios.

Informacién de
utilidad:

1.Beneficios derivados del estudio.

En la actualidad existen numerosos estudios que han determinado la fiabilidad y
validez una bateria de evaluacion de la condicidn fisica en personas de 6 afios y mayores,
pero es necesario estandarizar la medida de la condicion fisica también en preescolar, es
decir, de 3 a 5 afos y contar con valores de referencia en este grupo de edad.

El/la nifio/a recibira completa informacion de su estado de condicion fisica,
composicion corporal y estructura 0sea y sus puntuaciones en las pruebas realizadas.

2.Posibles acontecimientos adversos. No se ha descrito ningtin efecto adverso grave
derivado de estas pruebas.

3.Voluntariedad. El participante lo hace de forma voluntaria, pudiéndose retirar del
estudio en cualquier momento, habiendo sido informado explicitamente de la finalidad
del mismo. Esto no conllevara ningun tipo de discriminacion ni consecuencias.

4.L0s datos obtenidos en el estudio pertenecen tan solo a la persona voluntaria y al
entorno investigador, manteniéndose siempre la mas estricta confidencialidad. El
participante decidira si quiere conocer o no los datos de la investigacion y serd informado,
si asi lo desea, de los resultados durante el proceso. Al finalizar el mismo, obtendra un
informe detallado por especialistas del area.

A continuacion se detallan brevemente las pruebas que se le van a realizar a su hijo/a:
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1. La bateria PRE-FIT consta de las siguientes pruebas:

a. Peso, altura y perimetro de cintura.

b. Fuerza de presion manual: se utilizard un dinamometro manual para calcular la fuerza
de presion manual del alumno/a (dos repeticiones con cada una de las manos). El agarre
del dinamometro se ajusta al tamafio de la mano. Este test pretende medir la fuerza de
la mano.

c. Salto de longitud a pies juntos: el alumno/a tendré que realizar con los pies juntos un
salto horizontal (dos repeticiones). Este test pretende medir la fuerza del tren inferior.

d. Test de agilidad 4x10 metros: el alumno/a realiza un recorrido de ida y vuelta de 10m
lo mas rapido posible (dos repeticiones). Este test pretende medir velocidad/agilidad.

e. Test de ida y vuelta de 20 metros: el alumno/a se desplazard de una linea a otra
situadas a 20 metros de distancia segun el ritmo indicado por una grabacion en CD. El
ritmo ira aumentando hasta que el alumno no pueda seguirlo (una repeticion). Este test
pretende medir la capacidad aerdbica (de resistencia).

f. Test de equilibrio con una pierna: el alumno/a se situara de forma estatica sobre el
suelo y con una pierna flexionada. El test se basa en contabilizar el tiempo (duracion
maxima de 60 segundos) que mantiene el equilibrio (una repeticion con cada pierna).
Este test pretende medir equilibrio estatico.

2. Realizacion de una prueba de tomografia cuantitativa computarizada periférica (pQCT)
para obtener informacion del estado, geometria y arquitectura del hueso y estimar asi
factores determinantes de la fortaleza y resistencia del esqueleto. Esta prueba genera
una irradiacién de 1 uSv que es 40 veces menor a una radiografia de pecho y que se
considera inocuo (inofensivo) para la salud.

3. Valoracion del nivel y la cantidad de actividad fisica semanal realizada por los
participantes mediante los acelerometros ligeros, triaxiales y resistentes al agua creados
por GENEACctive. Tienen la apariencia de un reloj, no son manipulables y no se quitan
ni para el bafio ni para dormir por lo que resultan muy cémodos.

Previamente a la realizacion de la bateria se realizara un breve calentamiento de
3-5 minutos.

Para mas informacion acerca de las pruebas descritas anteriormente pueden
visitar la pagina web:

www.ugr.es/~cts262/ES/documents/ MANUALALPHA-Fitness.pdf

O contactando directamente con el investigador principal:

German Vicente Rodriguez
Prof. Titular Universidad de Zaragoza
Facultad de Ciencias de la Salud y del Deporte
Universidad de Zaragoza

gervicen@unizar.es
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Anexo IV

” Infi Dict Fi bt
GOBIERNO Proyecto Investigacion Biomédica
DE AMGON C.p, - C.1. PI11/0034

Departamenta de Sanidad, ) 18 de abril de 2012
Bienestar Soclal y Familia

/CEIC Aragén (CEICA)

Diia. Maria Ganzalez Hinjos, Secretaria del CEIC Aragdn (CEICA)

CERTIFICA

19, Que el CEIC Aragén (CEICA) en su reunion del dia 18/04/2012, Acta N° CP08/2012 ha evaluado la propuesta
del investigador referida al estudio:

Titulo: Repercusién del entrenamiento y la practica de la natacion sobre el desarrollo metabélico y
estructural del hueso en crecimiento. Beneficios de la incorporacion de entrenamiento pliométrico o
vibratorio. (RENACIMIENTO). )

Versién Protocolo: abril 2012
Versién hoja de informacidn al paciente y abrilf2012
consentimiento informado )

-19,  Considera que

- El proyecto se plantea siguiendo los requisitos de la Ley 14/2007, de 3 de julio, de Investigacién Biomédica y su
realizacion es pertinente. :

- Se cumplen los requisitos necesarios de idoneidad del protocolo en relacién con los objetivos del estudio y estan
justificados los riesgos y molestias previsibles para el sujeto.

- Son adecuados tanto el procedimiento para obtener el consentimiento informado como la compensacion prevista
para los sujetos por dafios que pudieran derivarse de su participacién en el estudio.

- Elalcance de las compensaciones econdmicas previstas no interfiere con el respeto a los postulados éticos.

- la capacidad de los Investigadores y los medios disponibles son apropiados para Hevar a cabo el estudio.

29, Por lo que este CEIC emite un DICTAMEN FAVORABLE.

39, Este CEIC acepta que dicho estudio sea realizado en los siguientes Centros por los Investigadores:

Dr. German Vicente Rodriguez, Universidad de Zaragoza.

Lo que firmo en Zaragoza, a 18 de abril de 2012

Fdo:

AR
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&
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GOB!@@

« &RTAME%

b—wg ¥ i3
Wit PifT Maria Gonzélez Hinjos
M égéf;?gz@igﬁerei CEIC Aragén (CEICA)

LA

Departamento de Salud y Consumo del Gobierno de Aragdn Pagina 1de 1
Avda Gémez Laguna 25 Zaragoza 50009 Zaragoza Espaiia

Tel. 976 71 48 57 Fax. 976 71 55 54 Coreo electrénico mgonzalezh.ceic@aragob.es
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ZGOBIERNO COMITE ETICO DE INVESTIGACION
=—<DE ARAGON CLINICA DE ARAGON (CEICA)
Departamento de Sakud y Consuimd

Avda, Gémez Laguna, 25 planta 11
50009 Zaragoza

COMPOSICION DEL COMITE ETICO DE INVESTIGACION CLINICA DE ARAGON

Dra. Marla Gonzélez Hinjos, Secretaria del Comité Etico de Investigacién Clinica de Aragon,
CERTIFICA

1° En la reunion celebrada el dia 18 de abril de 2012, correspondiente al Acta n® CP08/2012, se
cumplieron los requisitos establecidos en la legislacion vigente -Real Decreto 223/2004 y Decreto 26/2003
del Gobierno de Aragén, modificado por e Decreto 292/2005— para que la decision del citado CE|C sea
vélida.

3° El CEIC de Aragén, tanto en su composicién, como en sus PNT, cumple con las normas de BPC.,
4° La composicion del CEIC de Aragén en la citada fecha, era la siguiente:

= Presidente: Cesar Loris Pablo; Médico. Servicio de Pediatria. Hospital Universitario Miguel Servet.
Representante de Comisién de Investigacion.

= Vicepresidente: Carlos Aibar Remén; Médico. Servicio de Medicina Preventiva y Salud Puablica.
Hospital Clinico Universitario Lozano Blesa. Profesional Sanitario experto en epidemiologla clinica.

= Secretaria: Marla Gonzalez Hinjos; Farmacéutica.

= Pilar Comet Coriés; Enfermera. Unidad Mixta de Investlgamén Hospital Clinico Universitario Lozano
Blesa.

= Marina Heredia Rios; Representante de las Organizaciones de Consumidores y Usuarios.

= Gabriel Hernandez Delgado; Médico. Servicio de Radiologla. Hospital Universitario Miguel Servet.
Representante de Comisién de Investigacion. '

= Angela ldoipe Tomas; Farmacéutica. Servicio de Farmacia. Hospital Universitario Miguel Servet.
Farmacéutica de Hospital.

* Maria Jesus Lallana Alvarez. Farmacéutica de Atencion Primaria de Zaragoza Sector iil.

= Jesus Magdalena Bello; Médico. Centro de Salud de Azuara. Médico con labor asistencial y
representante del Comité de Etica Asistencial del Area de Atencién Primaria Il y V.

«  Mariano Mateo Arrizabalaga; Médico. Servicio de Farmacologla Clinica. Hospital Clinico
Universitario Lozano Blesa.

» Elisa Moreu Carbonell; Jurista, Profesora de la Facultad de Derecho, Universidad de Zaragoza.

» Javier Perfecto Ejarque; Médico. Centro de Salud Arrabal. Médico con labor asistencial.

» Alexandra Prados Torres; Médico. Instituto Aragonés de Ciencias de la Salud. Representante de
Comision de Investigacion.

»  José Puzo Foncillas; Médico. Servicio de onqulmica Hospital General San Jorge. Representante
de Comisidn de Investigacion.

* Monica Torrijos Tejada; Médico. Instituto Aragonés de Ciencias de la Salud.

Para gue conste donde proceda, y a peticién del prbmotor‘

cnwarpm 1

IRVESTIGAGHAN GLUES / _

*
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Anexo V

ape Departamento de

(111 Fisiatria y Enfermeria
[ GOBIERNO 1542 Universidad Zaragoza
=<DE ARAGON

CONSENTIMIENTO INFORMADO CORRESPONDIENTE A:

Datos del participante

D./D*
DNI: Edad

Que presta su consentimiento:
0 Por si mismo
0 Por medio del tutor legal:
D./D*

DNI:

Teléfeno 1: Teléfono 2:

En Zaragoza, a ......c.cccceevveveeeennenn. de o, de 20....

manifiesta que ha recibido informacién suficiente y en términos comprensibles para tomar la
decision de acuerdo con su propia y libre voluntad y presta su consentimiento y autorizacion a la
practica de la intervencion resefiada en el proyecto:

“Repercusion del entrenamiento y la practica de la natacion sobre el desarrollo
metabdlico y estructural del hueso en crecimiento. Beneficios de la incorporacién de
entrenemiento pliométrico o vibratorio. (acronimo: RENACIMIENTO)” financiado por el
MICIN, en el que participa el Departamento de Fisiatria y Enfermeria de la Universidad de
Zaragoza, del que es investigador principal el profesor Dr. Germén Vicente-Rodriguez, Profesor
Contratado Doctor de la Universidad de Zaragoza (Departamento de Fisiatria y Enfermeria C/
Domingo Miral s/n 50008 Zaragoza, teléfono 974238422 (ext 853258), e-mail:
gervicen(@unizar.es).

Facultativos que intervienen:
Profesor Dr. German Vicente-Rodriguez, y personal autorizado.

PARTICIPANTE DOCTOR
Padre, madre o tutor Dr. G. Vicente-Rodriguez

-285 -



Relacion de la actividad y condicion fisicas con la composicion, estructura y metabolismo 6seos durante el
crecimiento. Estrategias para la prevencién temprana de la osteoporosis.

Anexo VI

"N‘ GOBIERNO f[:’i(s!ipaat::aa';::::r:fer[a
=— DE AMGON === Universidad Zaragoza

INFORMACION PARA PADRES PARA EL CONSENTIMIENTO INFORMADO
CORRESPONDIENTE A LA PARTICIPACION EN EL PROYECTO
“RENACIMIENTO”

Proyecto de investigacion para el que se solicita el consentimiento informado

La participacion que se solicita es para la realizacion de un proyecto de investigacion sobre
“Repercusion del entrenamiento y la practica de la natacion sobre el desarrollo
metabolico y estructural del hueso en crecimiento. Beneficios de la incorporacion de
entrenamiento pliométrico o vibratorio. (acronimo: RENACIMIENTO)” financiado por el
MICIN, en el que participa el Departamento de Fisiatria y Enfermeria de la Universidad de
Zaragoza, del que es investigador principal el profesor Dr. German Vicente-Rodriguez, Profesor
Contratado Doctor de la Universidad de Zaragoza (Departamento de Fisiatria y Enfermeria C/
Domingo Miral s/n 50008 Zaragoza, teléfono 974238422 (ext 853258), e-mail:
gervicen(@unizar.es).

Facultativos que intervienen:
Profesor Dr. German Vicente-Rodriguez, y personal autorizado.

Intervencion para la que se solicita el consentimiento informado
Realizacion de una valoracion médico-deportiva.

Finalidad de la intervencion:
Observar el efecto de la practica y entrenamiento de natacion sobre el metabolismo, la geometria y
arquitectura del hueso y sus posibles relaciones.

Confidencialidad de los resultados

Se garantiza la absoluta confidencialidad de los resultados, de forma que en ninglin caso, sin
consentimiento previo del participante, se dara a conocer ningun dato personal ni de los resultados
de su colaboracion en este proyecto.

Naturaleza del estudio

Realizacion de una prueba de tomografia cuantitativa computerizada periférica (pQCT) y otra de
densitometria dual de rayos X (DXA) para obtener informacion del estado, geometria y arquitectura
del hueso y estimar asi factores determinantes de la fortaleza y resistencia del esqueleto. Estas
técnicas conllevan una dosis de radiacion total de entre 5 y 10 mrem, que es una dosis 20 veces mas
baja que la de una radiografia de toérax y similar a la radiacion solar que conlleva un dia de playa.

Se obtendran muestras de sangre (puncidon cubital) para determinaciones de marcadores
bioquimicos del metabolismo del hueso.
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Ademas se realizaran pruebas de condicion fisica:

Cardiovascular

El consumo maximo de oxigeno (VO2max) se estimard mediante una prueba de campo incluido en
la bateria Eurofit para escolares (test de 20 m de ida y vuelta).

Test de velocidad de carrera

El tiempo invertido en correr 30 m (T30) se medira utilizando células fotoeléctricas (Byomedics,
Barcelona).

La fuerza isométrica maxima (FIM)
De pierna
Test de méxima contraccion voluntaria isométrica (MCVI)

Se registrara la fuerza ejercida por el sujeto durante 10 segundos con un angulo de flexion de rodilla
de 110°.

De brazo

La dinamometria manual se realizard con un dinamometro y el adolescente de pie, brazos
extendidos a lo largo del cuerpo hara la mayor fuerza posible de prension manual sin apoyar el
brazo en el cuerpo.

Fuerza dindmica de las piernas.

Las fuerzas generadas durante el salto vertical se mediran mediante el calculo de la altura de vuelo
durante el salto con una plataforma que registra la fuerza realizada durante el salto.

Potencia muscular de tren inferior al 10%, 20% vy al 30% de la MCVI.

El objetivo de dicha evaluacion sera cuantificar la potencia maxima que serd capaz de imprimir el
adolescente durante la fase concéntrica del movimiento de extension de piernas, utilizando una
carga equivalente al 10, 20 y 30% de la MCVI que hemos medido anteriormente.

Valoracion de la dieta

La dieta se valorara a partir de tres recuerdos de 24 h no consecutivos y en dias distintos de la
semana, realizados con un software informatico.

La duracion total de la sesion de laboratorio seré de 2 horas (una tarde).

Para la extraccion sanguinea se citara al participante un sabado por la mafiana a eleccion del
participante

Posibles beneficios

e Deteccion precoz de mineralizacion débil u otros problemas de microarquitectura dsea.
e Mejora de la mineralizacion y desarrollo 6seo durante el crecimiento.

Riesgos

No se ha descrito ningtin efecto adverso grave derivado de estas pruebas o de la participacion en un
programa de ejercicio fisico de estas caracteristicas.
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Contraindicaciones

Patologias graves que contraindiquen la practica deportiva escolar.

Advertencias

1. El participante es advertido sobre la posibilidad de utilizar los resultados del diagndstico en un
proceso de investigacion, que en ningin caso podra comportar riesgo adicional para su salud y
que no tendré caracter comercial.

2. El participante es advertido de que puede revocar libremente por escrito su consentimiento en
cualquier momento.

3. El participante es advertido de su derecho a que se le dé una copia del documento firmado.

4. El participante contara con la cobertura de un seguro para la realizacion de las pruebas.

5. El participante puede obtener la informacion complementaria del investigador principal del
proyecto, cuya direccion figura en este escrito.

6. El participante puede solicitar por escrito dirigido al investigador principal del proyecto los
resultados concretos obtenidos en su muestra donada.

Un saludo

German-Vicente Rodriguez

//
.//
- '//
e
P
P
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Anexo VII

FECHA CODIGO:

NOMBRE:
APFILIDOS:

EDAD: FECHA NACIMIENTO-

TELEFONO MOVIL:

PESO: _  Eg TAITA: eom

1} Afios enfrenados exclusrramente de natacion (51 también haces waterpolo inchurlo en
el apartado de “otros deportes practicados™):

2} Horas entrenadas/semana (este afio):

3} ;Has entrenado hoy?

4} Orros deportes practicados en el pasado (afos practicadoshoras semana) (Solo contar
deporte federados, grmnasio o actnndades extraescolares. Mo contar los deportes que
haces en educacion fisica o en el recrec del colemo)

Deporte Horas/semana que | Competias | Anos de prachea (ejemplo:
enfrenabas 1Mo Desde los 11 hasta los 13)

3} ;Actualmente reahzas actinidades deportivas complementanas a la natacion?

Deporte Horaz'semana que | Competias | Afios de practica (gjemplo:
enfrenabas 1Mo Desde los 11 hasta la actuahdad)

6} En cazo de competir en que prusbas compites
Medicacion habituzl (En caso de no saber como se llama, marca sien la cazlla
“nombre”, ¥ te llamaremos al numero de telefono indicado)

Mombre Dizsis Frecusncia

Lonzitud antebrazo

Lonmitud plema

;Padeces alpuna enfermedad?
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