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Resumen
    La exposición a vibraciones ha sido considerada tradicionalmente como perjudicial para el organismo
humano. Sus efectos han sido estudiados de manera pormenorizada en medicina del trabajo habiéndose
establecido incluso normativas ISO para evitar al máximo su aparición en los puestos de trabajo. Estas
vibraciones suelen caracterizarse por su baja o muy alta frecuencia, su alta amplitud y la larga duración de su
exposición al ser humano. Sin embargo, existen otras vibraciones que parecen provocar efectos beneficiosos
en el organismo. En este caso, las frecuencias son moderadas (25-40 Hz), las amplitudes pequeñas (2-10
mm) y la duración de la exposición corta (inferior a los 30 minutos con intermitencias). En el presente texto
se recogen fundamentalmente las aplicaciones de este método en campos como el entrenamiento deportivo,
el fitness, la rehabilitación y la geriatría. De este modo, se incluye una revisión crítica de los estudios más
relevantes así como la presentación de diferentes experiencias realizadas por los autores en los últimos cinco
años. 
    Palabras clave: Vibraciones. Entrenamiento deportivo. Fitness. 
 
Abstract 
    Exposure to vibrations has been traditionally considered as harmful for the human biological system.
Extensive research has been done in occupational medicine and even ISO normative has been established to
avoid vibrations in workplaces. These vibrations are usually of low or very high frequency, high amplitude and
long term chronic exposure. However, there are other vibrations that may provoke beneficial effects on
human biological system. In this case, we usually have moderate frequencies (25-40 Hz), low amplitudes
(2-10) and short term exposure (less than 30 intermittent minutes). This text mainly includes applications for
different fields such as sports training, fitness, rehabilitation and geriatrics. Thus, a critical review of most
relevant studies is included among different practical experiences performed by the authors during the last
five years. 
    Keywords: Vibrations. Sports training. Fitness. 
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1. Introducción

    Desde hace unos años se ha introducido en el mercado una serie de dispositivos capaces de,
mediante movimientos oscilatorios sinusoidales, provocar un estímulo mecánico. Este estímulo se
transmite por todo el cuerpo consiguiendo aumentar la carga gravitatoria a la que es sometido el
sistema neuromuscular. Aparece así lo que se conoce como vibraciones de cuerpo completo1

(Whole-body vibration; WBV) que han de diferenciarse de las vibraciones aplicadas localmente.
Las primeras ocurren cuando todo el cuerpo es sometido a movimiento y el efecto no es
localizado. Las segundas ocurren cuando una parte determinada del cuerpo es sometida a
movimiento (por ejemplo, aplicación directa al bíceps braquial)(Cardinale & Pope, 2003; de
Oliveira et al., 2001).

    Las vibraciones son muy habituales en la vida diaria. Fuentes de vibración se encuentran en
medios de transporte como: coches (Troup, 1978; Chen et al., 2003), motos, trenes,
helicópteros (de Oliveira et al., 2001), aviones, embarcaciones, etc...; o de trabajo: tractores

Static/Dynamic Balancers
Precision Measure & Test Systems Mfg 
Balancers, Gages & Test Systems 

Turbine testing
Vibration measurement and modal analysis 
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(Kumar et al., 1999), camiones (Kumar, 2004) y multitud de tipos de maquinaria y herramientas
(Cederlund et al., 2001; Randall et al., 1997). También en la actividad física y el deporte pueden
encontrarse ejemplos evidentes como el patinaje en línea (Thompson & Belanger, 2002), el surf,
el ski, la equitación, la vela, el mountain-bike. Todo material conocido por el hombre tiene una
frecuencia natural a la que vibra (Warman et al., 2002) y los tejidos biológicos como el músculo
también vibran a frecuencias específicas tanto en reposo como en activación (Barry & Cole,
1988).

    La forma más habitual de aplicar vibraciones con el objeto de mejorar el rendimiento físico es
mediante plataformas, que consiguen el efecto "por todo el cuerpo", aunque también se han
aplicado de manera localizada empleando mancuernas (Bosco et al., 1999) o cables (Lieberman
& Issurin, 1997; Issurin & Tenenbaum, 1999; Issurin et al., 1994; McBride et al., 2003). 

Figura 1. Izquierda: ejemplo de ejercicio sobre plataforma vibratoria donde se combina el estímulo vibratorio con
una acción muscular excéntrica. Derecha: ejemplo de ejercicio para el tren superior donde predomina la solicitación

sobre el deltoides anterior y el pectoral mayor.

    Las investigaciones sobre los efectos de las vibraciones en el ser humano tienen ya una larga
tradición. Sus resultados van desde muy perjudiciales -perspectiva tradicional de la medicina del
trabajo- a muy beneficiosos -perspectiva más actual del campo de la actividad física y el deporte
así como la rehabilitación-. La explicación a estas grandes divergencias podría residir en los
diferentes parámetros de vibración empleados. Si anteriormente distinguíamos la localización o
no de las vibraciones, también se ha de tener muy en cuenta su frecuencia, amplitud, dirección y
duración, ya que el cuerpo humano ha demostrado responder de manera altamente específica a
la variación de estos parámetros (Cardinale & Pope, 2003). La aplicación de vibraciones al
cuerpo humano puede ser descrita como placentera o molesta, puede influir en el rendimiento
en ciertas tareas y provocar lesiones o enfermedades (Griffin, 1997) pero también provocar
efectos positivos como el alivio del dolor crónico (Roy et al., 2003; Lundeberg, 1984).

    En la presente revisión se analizarán los efectos agudos y crónicos de la aplicación de
vibraciones mecánicas sobre el cuerpo humano desde la perspectiva del rendimiento físico. Sin
embargo, en el caso de no disponer de evidencias científicas al respecto, en algunas ocasiones
se recurrirá a investigaciones en animales o en tejidos in vitro o a trabajos donde el objetivo no
era observar la influencia sobre el rendimiento físico.

2. Variables que afectan a las vibraciones

    Existen numerosas variables o parámetros que pueden afectar a los movimientos oscilatorios
sobre el cuerpo humano, aunque pueden ser divididas en dos grandes categorías: variables
extrínsecas (que ocurren fuera del cuerpo humano) y variables intrínsecas (aquellas que ocurren
dentro del cuerpo o entre diferentes personas).

2.1. Variables extrínsecas
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2.1.1. Magnitud: la magnitud de una vibración suele expresarse por razones prácticas en
unidades de aceleración (m/s2), empleándose para ello acelerómetros. En los aparatos que se
emplean para la mejora del rendimiento físico no se ofrece información sobre este parámetro
pero puede obtenerse a partir de la frecuencia (f) y el desplazamiento (d), mediante la ecuación
(Griffin, 1997): a=(2 f)2d. Esto quiere decir que un movimiento oscilatorio sinusoidal con una
frecuencia de 30 Hz y 4 mm de desplazamiento resultará en una aceleración de 14,48 g.

2.1.2. Frecuencia: es el número de ciclos de movimiento sinusoidal realizado en un segundo
expresado mediante la unidad hertzio (Hz). El rango de frecuencias de vibración empleadas en
los estudios de entrenamiento está entre 23 y 44 Hz.

2.1.3. Amplitud: es el desplazamiento que se realiza en cada ciclo de movimiento sinusoidal
expresado por lo general en mm. El rango de amplitud empleado en los estudios se sitúa entre 2
y 10 mm, aunque el valor más empleado son 4 mm.

2.1.4. Dirección: las tres principales direcciones de la vibraciones aparecen en los ejes
antero-posterior (x), lateral (y) y vertical (z) (Griffin, 1997). En el mercado existen plataformas
vibratorias donde predomina la dirección vertical y otras donde existe además un marcado
componente lateral (por ejemplo, las plataformas GalileoTM).

2.1.5. Duración: algunas respuestas del cuerpo humano dependen fundamentalmente de la
duración de la vibración a la que es expuesto. La normativa ISO 2631 establece los límites de
tiempo de exposición basándose en los valores de la dosis de vibración. En los estudios
orientados a la mejora del rendimiento la exposición total va desde 4 min hasta un máximo de
20.

2.2. Variables intrínsecas

2.2.1. Intrasujeto

Postura corporal, posición y orientación del cuerpo (sentado, de pie, recostado, etc...).

2.2.2. Intersujeto

Tamaño y peso corporal, respuesta biodinámica corporal, edad, sexo, experiencia,
expectativas, actitud, personalidad y nivel de forma física.

    Por otro lado, un concepto físico que conviene aclarar es la frecuencia a la cual un cuerpo
entra en resonancia. Se dice que un cuerpo resuena cuando vibra al recibir impulsos de
frecuencia igual a la suya o múltiplo de ella. En el momento en el que todo el cuerpo humano
entra en resonancia se produce el máximo desplazamiento entre los órganos y la estructura
esquelética, siendo esta una frecuencia de vibración a evitar para minimizar el impacto que
sufren los tejidos implicados. Esta frecuencia parece ser independiente del peso corporal y la
estatura (Randall et al., 1997) aunque podría estar influenciada por la tensión muscular,
presentando la mayoría de sujetos una mayor frecuencia cuando están tensos(Fairley & Griffin,
1989). Randall et al encontraron un rango de frecuencias resonantes en todo el cuerpo entre 9 y
16 Hz (promedio de 12,3 Hz). Sin embargo, otros autores defienden una frecuencia principal de
5Hz y una secundaria de 8Hz (Kitazaki & Griffin, 1998) así como una respuesta no-lineal
(Mansfield & Griffin, 2000). Por otro lado, algunos efectos provocados por las vibraciones pueden
alcanzar su máximo a una frecuencia algo superior a la de resonancia. Por esta razón, se
recomienda emplear frecuencias superiores a los 20 Hz en los dispositivos habitualmente
empleados para el entrenamiento de la fuerza (Yue & Mester, 2004).

3. Efectos de la aplicación de vibraciones mecánicas

    Cuando el cuerpo humano es sometido a vibraciones responde de una manera bastante
compleja que afecta a los diferentes sistemas que regulan sus funciones (Randall et al., 1997;
Lundström et al., 1998). Así, las respuestas del organismo pueden diferenciarse según el
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momento de su aparición (agudas o crónicas) y el sistema biológico afectado (neuromuscular,
sensorial, metabólico, endocrino, óseo y cartilaginoso).

3.1. Efectos agudos

3.1.1. Sistema neuromuscular

    A mediados de los años 60 se describieron tres efectos motores que resultaban de la
aplicación de una vibración directa al músculo o al tendón (Bishop, 1974):

1) El músculo sometido a vibración se contrae de manera activa, efecto al que se le dio el
nombre de Reflejo Tónico Vibratorio (RTV) (Eklund & Hagbarth, 1965; Eklund & Hagbarth, 1966;
Johnston et al., 1970; De Gail et al., 1966; Hagbarth, 1967; Marsden et al., 1969). Este reflejo
ha sido observado en todos los músculos esqueléticos excepto en los de la cara y la lengua
(Eklund & Hagbarth, 1966). Aunque la fuerza de su respuesta es muy variable entre individuos,
su respuesta ha demostrado ser muy reproducible en todo tipo de sujetos (Eklund & Hagbarth,
1966; Johnston et al., 1970). La fuerza de respuesta del RTV depende de cuatro factores:
localización del vibrador (sobre músculo o tendón), longitud inicial del músculo (cuanto más
estirado mayor respuesta) (Johnston et al., 1970), estado de la excitabilidad del SNC,
parámetros del estímulo vibratorio.

    En la figura 2 puede observarse el arco reflejo que explica la aparición del RTV.
Fundamentalmente son las terminaciones primarias de los husos musculares, por su alta
sensibilidad a los cambios de longitud, las que inician la contracción refleja. Desde los husos
musculares el impulso es transmitido mediante las fibras Ia aferentes hacia la médula espinal
donde realizan sinapsis con las alfa-motoneuronas. Éstas transmiten la señal de vuelta, vía
eferente, a las mismas fibras musculares extrafusales, lo que provoca su contracción (Johnston
et al., 1970). Estos efectos han sido vueltos a comprobar con técnicas modernas de
microneurografía capaces de registrar la activación de las terminaciones primarias de los husos
musculares (Ribot-Ciscar et al., 1998). Mediante esta técnicas se demuestra que las vibraciones
estimulan predominantemente las fibras Ia aferentes y en menor grado las Ib aferentes de Golgi
y las secundarias aferentes (II) (Roll et al., 1989). Además, el RTV no sólo parece estar mediado
por las vías mono y polisinápticas de las fibras Ia, sino también por las vías de los receptores
cutáneos (Abbruzzese et al., 1978; Romaiguere et al., 1991). Por otro lado, se ha podido
comprobar con técnicas de descomposición electromiográfica que las unidades motoras
adicionales que se reclutan al aplicar vibración a un músculo proceden del mismo pool que las
que se activan al realizar un esfuerzo volitivo equivalente al 10% de la MVC. Esto implica que se
respeta el orden normal de reclutamiento de unidades motoras (Mao et al., 1990). 

Figura 2. Arco reflejo solicitado en la aparición del reflejo tónico vibratorio (Johnston et al, 1970)
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    Por otro lado, recientemente se ha demostrado que la vibración aplicada al músculo o al
tendón induce a un aumento significativo de los potenciales motores evocados por lo que se
sugiere que la vibración afecta a la modulación de la excitabilidad de la corteza motora. Esta
excitabilidad puede afectar a los impulsos voluntarios (Siggelkow et al., 1999; Kossev et al.,
1999; Kossev et al., 2001)

    Cuando la vibración es aplicada mediante plataformas o mancuernas los resultados son
bastante parecidos. Bosco et al encuentran, en boxeadores de élite, un aumento del 200% entre
los niveles de la señal EMGrms del bíceps braquial en reposo con respecto a la puesta en
funcionamiento de una mancuerna de 2,6 kg vibrando a 30 Hz con una amplitud de 6 mm
(Bosco et al., 1999). En el tren inferior también se ha encontrado un claro aumento de la señal
EMGrms de la musculatura de la pierna al emplear plataformas vibratorias con respecto a la
misma posición sin vibración (Verschueren et al., 2004; Cardinale & Lim, 2003; Delecluse et al.,
2003; Berschin & Sommer, 2004). Además, parecen existir frecuencias de vibración que
producen una mayor señal EMGrms que otras. Así, se ha descrito que frecuencias de 30 Hz son
más estimulantes que las de 40 Hz y éstas a su vez que las de 50 Hz (Cardinale & Lim, 2003).
Estos datos han sido corroborados en nuestro laboratorio, donde además se han encontrado
frecuencias de vibración óptimas para cada músculo y persona. El comportamiento de la
evolución entre señal EMG y frecuencia de vibración suele ser similar a las curvas de potencia:
sube hasta alcanzar un pico para después bajar (figura 3). 

Tabla 1. Estudios que han registrado el efecto de la aplicación de vibraciones en la señal EMG con respecto a
niveles basales (Bosco) o respecto a la misma posición sin aplicar vibración (RMS= root mean square). Los estudios

de Delecluse et al (2003) y Verschueren et al (2004) presentan datos de caso único.

    Un comentario aparte requiere el estudio realizado por Warman et al (2002) debido a que
emplearon una estimulación vibratoria diferente. En este caso se empleó un pistón accionado por
un motor que se unía al muslo mediante unas tiras de velcro para transmitir una vibración de
50,42 + 1,16 Hz y 13,24 + 0,18 m/s2. Se comparó la actividad EMG durante la realización de
acciones isométricas, isocinéticas o dinámicas encontrándose, como puede observarse en la tabla
1, una mayor activación para las acciones dinámicas. Los autores sugieren que la aplicación de
vibraciones debería realizarse de manera concurrente a una acción muscular dinámica (Warman
et al., 2002). 
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Figura 3. Evolución de la señal EMG como consecuencia del aumento progresivo (1Hz/seg) de la frecuencia de
vibración. La actividad EMG comienza a subir de manera significativa a los 20 Hz. Puede observarse cómo para el
vasto interno (en rojo) se alcanza la máxima actividad entre 30 y 35 Hz. Si embargo, el gemelo interno (en azul)
alcanza su máximo a frecuencias inferiores (25-30 Hz). La posición mantenida sobre la plataforma es similar a la

expuesta en la figura 1. 

2) La excitabilidad de las motoneuronas que inervan los músculos antagonistas queda deprimida
vía inhibición recíproca (De Gail et al., 1966; Hagbarth, 1967). Esto quiere decir que si se somete
a vibración al gastrocnemio se producirá una inhibición recíproca de las motoneuronas del tibial
anterior y viceversa. Sin embargo, en estudios más recientes se encuentra que la vibración
produce una mayor coactivación agonista-antagonista tanto durante (Rothmuller & Cafarelli,
1995; Berschin & Sommer, 2004) como después (Gabriel et al., 2002) de ser aplicada, lo que
podría tener un efecto positivo en la estabilización activa de la articulación (Berschin & Sommer,
2004).

3) Los reflejos monosinápticos del músculo sometido a vibración quedan suprimidos durante su
aplicación (De Gail et al., 1966; Marsden et al., 1969). Por ejemplo, al someter al músculo
gastrocnemio a vibración desaparece el reflejo del tendón de Aquiles al ser golpeado o el reflejo
H como respuesta a la estimulación eléctrica del nervio poplíteo. Sin embargo, ambos reflejos
reaparecen una vez terminada la aplicación de vibración (Arcangel et al., 1971). No obstante,
varios autores encuentran que el reflejo H queda alterado durante varios minutos.

    Nishihira et al investigaron la evolución del reflejo H y la respuesta M antes y después de
mantener una contracción isométrica sobre una plataforma Galileo (movimiento horizontal)
durante 3 series de 3 minutos. La relación H/M se emplea como un índice de eficacia de la
transmisión entre las fibras Ia y la-alfa motoneurona. Encontraron un aumento de la relación
H/M después de la vibración. Los autores sugieren como explicación que las fibras Ia aferentes
se excitan como consecuencia del estímulo vibratorio y que este hecho, unido a la contracción
isométrica voluntaria, aumenta la excitación del pool de alfamotoneuronas (Nishihira et al.,
2002).

    Rittweger et al (2003) encontraron un mantenimiento o incluso aumento de la amplitud del
reflejo de estiramiento patelar como consecuencia de haber realizado sentadillas hasta la
extenuación (duración de 349 + 230 s) sobre una plataforma vibratoria (26 Hz; 12 mm) con una
sobrecarga extra en las caderas del 40% del peso corporal. Sin embargo, cuando se realizó el
mismo ejercicio sin vibración añadida (duración de 515 338 s), el reflejo disminuyó como es
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habitual después de la realización de un ejercicio exigente. Los autores sugieren que la causa de
que el reflejo de estiramiento presente este comportamiento como consecuencia de la
estimulación vibratoria podría residir en que ésta aumenta la excitabilidad central motora
particularmente en las unidades motoras más rápidas (Rittweger et al., 2003).

3.1.1.1. Influencia aguda en la fuerza máxima dinámica, en la potencia y el salto
vertical

    Bosco et al, sometieron a 12 boxeadores de élite a 5 series de 60 segs (1' desc.) de
vibraciones con una mancuerna (modelo Galileo 2000; Novotec, Pforzheim, Alemania) a una
frecuencia de 30 Hz. y una amplitud de 6 mm. Según los autores, este entrenamiento era similar
a un mes de entrenamiento realizando 50 repeticiones, 3 sesiones por semana, con una carga
del 5% del peso corporal. Como consecuencia de esta única sesión de entrenamiento se
encontró un aumento de la potencia de los flexores del codo sometidos a vibración además de
un aumento de la señal EMGrms normalizada durante el tratamiento. Aunque en este estudio se
empleó como control la extremidad contraria, falta por saber si el aumento de la potencia
registrado se mantuvo en los días posteriores, ya que dicho aumento pudo deberse a un mayor
calentamiento y circulación en la zona y no a una adaptación neural (Bosco et al., 1999).

    El mismo grupo de autores realizó un estudio similar con 6 jugadoras de voleibol altamente
entrenadas que fueron sometidas a 10 series de 60 segs con 1 min de descanso (parámetros:
plataforma de vibración horizontal Galileo a 26 Hz y 10mm, manteniendo una flexión de rodillas
a 100º), empleando también una extremidad como control de forma que sólo una pierna es
sometida a vibración. Tras la sesión, se encontró un aumento de la fuerza, velocidad y potencia
medias en el ejercicio de prensa de piernas con 70, 90, 110 y 130 kgs en la pierna sometida a
vibración (Bosco et al., 1999). Según los autores, este entrenamiento de sólo 10 minutos,
equivale a un estímulo de entrenamiento consistente en realizar 150 repeticiones en el ejercicio
de prensa de piernas o de media sentadilla con una carga de 3 veces el peso corporal dos veces
por semana durante 5 semanas. Sin embargo, los autores no aportan los datos que les ha
permitido establecer esta sorprendente equivalencia.

    Similares protocolos de trabajo fueron empleados en un posterior estudio (10 series de 60
segundos con 1 min de descanso entre cada serie y 6 min de descanso después de las 5
primeras series) a 14 jóvenes deportistas de equipo (volumen de trabajo habitual: 3 sesiones de
entrenamiento semanal) aunque en esta ocasión se empleó una plataforma de vibración vertical
(NEMES) con una frecuencia de 26 Hz y una amplitud de 4 mm. Se detectó un aumento,
después de ser sometidos a vibración, en el salto con contramovimiento y en la potencia
aplicada en la prensa de piernas con una carga equivalente al 70% de 1RM. Por otro lado, se
redujo la amplitud de la señal EMGrms, lo que según los autores indica una mejora en la
eficiencia neuromuscular, al requerirse una menor actividad muscular para aplicar incluso una
mayor potencia mecánica (Bosco et al., 2000).

    Lieberman e Issurin comprobaron el efecto de levantar una carga del 60%, 70%, 90% y
100% de 1RM realizando una flexión dinámica de codo con o sin la aplicación de una vibración
(44 Hz y 0,6-3 mm). Para ello estudiaron a 41 deportistas de diferentes niveles (Olímpico,
Nacional, Junior y Amateur), encontrando un aumento de la 1RM y una disminución de la
percepción subjetiva del esfuerzo cuando se realizó el ejercicio con la aplicación de vibraciones.
Además, en el grupo de mayor nivel (8 deportistas olímpicos) los efectos fueron superiores
(Lieberman & Issurin, 1997). Varios años más tarde, el mismo grupo de investigadores, con igual
metodología, reportaron resultados similares, encontrando mejoras en la potencia máxima de un
10,4% (élite) y un 7,9% (amateur) al levantar una carga de un 65-70% de 1RM con vibración
añadida con respecto al mismo ejercicio sin vibración(Issurin & Tenenbaum, 1999).

3.1.2. Sistema cardiovascular

    En cuanto a los efectos agudos que provoca este método, Rittweger et al encontraron,
después de la aplicación de vibraciones con una frecuencia de 26 Hz y una amplitud de 10,5 mm
(con una sobrecarga en la cintura del 40% del peso corporal en hombres y 35% en mujeres), los
cambios expuestos en la tabla 2 (Rittweger et al., 2000): 
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Tabla 2. Cambios provocados en diferentes parámetros como consecuencia de la realización de flexo-extensiones
de rodilla hasta la fatiga (con sobrecarga del 40% del peso corporal) sobre una plataforma vibratoria (Rittweger et 

al, 2000). 

    El ejercicio que realizaron los 40 sujetos participantes consistió en, después de mantenerse de
pie durante 30 segundos, realizar sentadillas, flexionando las rodillas en ciclos de 6 segundos (3
segundos de subida y 3 de bajada) lo más suavemente posible.

    Por otro lado, en 14 sujetos trasplantados de corazón (56 11 años) se registraron los cambios
expuestos en la tabla 2. El ejercicio realizado sobre la plataforma vibratoria (26 Hz; 3 mm)
demostró ser un método adecuado y seguro para la rehabilitación y mejora funcional de este
tipo de sujetos (Crevenna et al., 2003). 

Tabla 3. Cambios provocados en diferentes parámetros en sujetos trasplantados de corazón como consecuencia de
la realización de flexo-extensiones de rodilla hasta la fatiga sobre una plataforma vibratoria (Crevenna et al, 2003)

    En el estudio de Rittweger et al (2000), se registró la aparición de edemas y eritemas en la
zona de la pantorrilla, sobre todo después en la primera sesión y particularmente en las mujeres.
Sin embargo, Crevenna et al (2003) no observaron estos efectos, probablemente por la diferente
amplitud de vibración empleada así como por la ausencia de sobrecarga externa añadida. No
obstante, la percepción subjetiva del esfuerzo (Escala de Borg) fue igual a 18 en ambos estudios.
También Russo et al (2004) corroboraron la aparición de eritemas en mujeres posmenopáusicas
aunque siempre de manera transitoria, moderada y no perturbadora (Russo et al., 2003).

    Más recientemente, se ha investigado el efecto que provoca la aplicación de diferentes
frecuencias y amplitudes de vibración así como distintas sobrecargas externas en el consumo de
oxígeno. De esta manera, se encontró un aumento lineal del VO2 con respecto al aumento de la
frecuencia de vibración (18/26/34 Hz). Así, cada ciclo de vibración provocaba un aumento de 2,5
µl / kg (manteniendo la amplitud a 5 mm). Al variar la amplitud de la vibración de 2,5 a 5 y 7,5
mm, el VO2 aumentaba más que proporcionalmente. Por último, la colocación de una sobrecarga
en la cadera correspondiente a un 40% del peso corporal provocó un aumento del VO2 que fue
aún mayor cuando la carga se situó en los hombros. Los autores concluyen en que la potencia
metabólica puede ser controlada paramétricamente mediante la frecuencia y amplitud de
vibración así como con la colocación de sobrecargas externas (Rittweger et al., 2002).

    Anteriormente se ha comentado la aparición de un edema en determinados sujetos como
consecuencia de la aplicación de vibraciones. Incluso en el campo de la medicina del trabajo se
acepta que las vibraciones de alta frecuencia provocadas por distintas utensilios industriales
reducen el flujo sanguíneo pudiendo ocasionar lo que se conoce como dedo blanco inducido por
vibración (Bovenzi et al., 2001; Bovenzi & Hulshof, 1999; Bovenzi & Griffin, 1997). Sin embargo,
Kerschan-Schindl et al (2001) encontraron un aumento del flujo sanguíneo y ensanchamiento de
capilares, después de aplicar vibraciones, lo que provocaba una mejora de la circulación
periférica. Además, los autores sugieren la posible existencia de un efecto tixotrópico, de forma
que la viscosidad de la sangre se ve reducida y de esta manera la velocidad media del flujo
sanguíneo aumenta. Los parámetros empleados fueron 26hz, 3mm y9 min de vibración en
sentido horizontal, lejos de las altas frecuencias (superiores a 80 Hz) soportadas durante largos
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periodos a las que se ven sometidas los trabajadores, lo cual explica la diferencia en los
resultados encontrados. Este aumento del flujo sanguíneo también fue encontrado por Rittweger
et al (2000) empleando parámetros de vibración similares y por Nakamura et al (1996)
empleando un vibrador en la mano con unos parámetros de 120 Hz y 50 m/s2 en el eje
x(Nakamura et al., 1996). También Zhang et al (2003) encontraron un aumento de un 20% en
el flujo sanguíneo del músculo tibial anterior como consecuencia de la aplicación de vibraciones
al pie (aceleración=16-46 m/s2) (Zhang et al., 2003). Como aplicación práctica, este aumento
del flujo sanguíneo tras ser sometido a vibraciones, podría facilitar la eliminación del lactato
después de realizar un esfuerzo intenso. Sin embargo, en nuestro conocimiento, no se han
publicado trabajos al respecto.

3.1.3. Sistema endocrino

    Uno de los estudios que más sorpresa ha causado en los últimos años es el de Bosco et al
(Bosco et al., 2000) indicando la respuesta hormonal como posible causa de las mejoras tan
espectaculares en cuanto a fuerza explosiva encontradas en la mayoría de estudios. Estos
autores encontraron un aumento de la hormona del crecimiento (GH) de más de un 400% con
respecto a los niveles basales. Además la concentración de testosterona (T) aumentó
significativamente y la de cortisol (C) disminuyó, por lo que podría establecerse un entorno
idóneo para el anabolismo, al aumentar el ratio T/C. Los citados grandes aumentos en la
concentración de GH también se producen de manera similar o superior después de realizar un
trabajo intenso con sobrecargas aunque con una duración del estímulo muy superior. Nindl et al
(2000) encontraron después de realizar 6 series de 10 RM (con dos minutos de descanso) en el
ejercicio de sentadilla, unos aumentos de 1,47 a 25 ng/l (hombres) y de 4 a 25,4 ng/l
(mujeres)(Nindl et al., 2000). Lo mismo ocurre con la testosterona, como observó Kraemer en
sus numerosos estudios sobre el tema (Kraemer et al., 1992; Kraemer et al., 1991; Kraemer et
al., 1990). Sin embargo, es la disminución de la concentración de cortisol la que más dudas
plantea, haciéndose necesaria la realización de más estudios sobre la respuesta hormonal a la
aplicación de vibraciones.

    Mccall et al (2000) fueron los primeros en encontrar en humanos que la activación de las vías
aferentes de los husos musculares como consecuencia de la vibración modulaba las
concentraciones plasmáticas de hormona del crecimiento bioensayable (BGH). Esta hormona es
sintetizada por la glándula pituitaria, constituyendo un factor de crecimiento que estimula la
formación ósea (McCall et al., 2000). Aunque comparte con la clásica GH un origen pituitario y
su efecto sobre el crecimiento óseo, la regulación de la BGH parece ser diferente a la de la GH
(Gosselink et al., 2004). En el estudio de McCall et al (2000) se aplicó directamente al tibial
anterior un estímulo vibratorio (100 Hz y 1,5 mm de amplitud) de una duración de 10 min.
Inmediatamente después del estímulo se registró un aumento del 94% en la concentración
plasmática de BGH en el tibial anterior y un descenso de un 22% en el sóleo. Esto podría indicar
que existe una regulación diferenciada en la liberación de BGH en estos dos músculos con
predominio de fibra lenta que podría estar relacionada con su antagónica función flexora o
extensora. Los autores concluyen en la evidencia indirecta de un eje músculoaferente-pituitario
que modula la liberación de BGH de manera específica al músculo sometido a vibración. Estos
hallazgos tienen aplicación para los viajes al espacio, ya que se ha observado cómo en
microgravedad o en encamamiento queda alterada la liberación de BGH inducida por el ejercicio
(McCall et al., 1999; McCall et al., 1997).

    Recientemente, Di Loreto et al (2004) han realizado un ensayo controlado sobre el efecto de
25 min de estímulo vibratorio (30 Hz) en el sistema endocrino de 10 varones sanos. Encontraron
una ligera reducción de la glucosa plasmática y un aumento de las concentraciones plasmáticas
de norepinefrina, pero no se registraron cambios en las concentraciones circulantes de otras
hormonas. Esto indica que se aumenta la utilización de glucosa por parte de la musculatura
activa (Di Loreto et al., 2004).

3.1.4. Sistema sensorial, propioceptivo y control postural

    Es conocida la función de los mecanoreceptores en la capacidad de discriminar sensaciones.
Por ejemplo, la piel de la palma de la mano posee 4 tipos de receptores: dos de adaptación
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rápida (FAI y FAII) y dos de adaptación lenta (SAI y SAII). Todos son sensibles a la aplicación de
un estímulo vibratorio en mayor o menor medida. Así, los FAI son más sensibles a vibraciones
entre 30 y 40 Hz y los FAII entre 60 y 100 Hz; por otro lado, los SAI y SAII presentan una
respuesta similar pero en este caso con frecuencias inferiores a los 15 Hz (Toma & Nakajima,
1995). Se ha de tener en cuenta que la exposición prolongada a vibraciones puede alterar el
rendimiento de estos receptores disminuyendo el rendimiento de los procesos perceptivos y
sensorimotores (Ribot-Ciscar et al., 1996).

    Parece ser que las vibraciones tienen capacidad para estimular la propiocepción y provocar
efectos duraderos sobre la postura en adultos sanos (Wierzbicka et al., 1998; Priplata et al.,
2003). Además, recientemente se ha encontrado una mejora aguda del control postural y
propioceptivo en sujetos que habían padecido infartos como consecuencia de la realización de 4
reps de 45 seg con 1 min de pausa (30 Hz; 3 mm) (van Nes et al., 2004)

    Por otro lado, Gianutsos et al, de la Universidad de Nueva York, han descrito la posibilidad de
provocar el reflejo de permanecer en pie inducido por las vibraciones en sujetos con lesiones en
la médula espinal (Gianutsos et al., 2004; Gianutsos et al., 2001a; Gianutsos et al., 2001b). De
este modo, las vibraciones parecen constituir un método prometedor en la rehabilitación de
sujetos con disfunción motriz de origen medular.

3.2. Efectos crónicos

    Los mecanismos de acción de este método a corto, medio y largo plazo han sido
relativamente poco investigados hasta la fecha, aunque muy recientemente se han publicado
varios trabajos al respecto.

3.2.1. Adultos sanos

    A corto plazo (9-10 días de entrenamiento) existen trabajos que han encontrado mejoras
significativas en la potencia y el salto vertical (Bosco et al., 1998) y otros que no han encontrado
significación estadística en las mejoras de salto o ninguna mejora en diferentes tests de
velocidad y agilidad (Cochrane et al., 2004).

    Torvinen et al, estudiaron los efectos de 4 meses de entrenamiento con un protocolo de 4
sers de 60", alternando distintos movimientos. La frecuencia de estimulación osciló entre 25 y 40
Hz y la amplitud de 2 mm. Después del periodo de entrenamiento se registró un aumento de un
8,5% en CMJ y un 3,5% en la fuerza isométrica. Sin embargo, no se constató una mejora del
equilibrio postural, lo cual podría estar condicionado por la amplitud de vibración empleada (2
mm en lugar de 4 mm). No obstante, el escaso tiempo de estimulación por sesión (sólo 4 min)
podría ser la causa de unas mejoras tan escasas en comparación con otros estudios (Torvinen et
al., 2002).

    Por otro lado, el primer estudio comparado con un entrenamiento de fuerza clásico (10-20RM)
es el realizado por Delecluse et al. El programa incluyó los parámetros de vibración que
observamos en la tabla 4. 

Tabla 4. Parámetros del programa de vibraciones al comienzo y al final del mismo (Delecluse et al(Delecluse et al., 
2003)) 
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    Después de 12 semanas de entrenamiento la fuerza del tren inferior aumento en igual medida
que el programa de entrenamiento clásico, y sólo en el grupo que entrenó con vibraciones
aumentó el salto con contramovimiento en un 7,6%. En este estudio se empleó además como
novedad un grupo placebo que era sometido a una vibración ineficaz; este grupo no obtuvo
mejoras de ningún tipo. De este modo se descarta la posible eficacia de realizar ejercicio sobre la
plataforma sin ponerla en funcionamiento (Delecluse et al., 2003).

    Ronnestad (2004) comparó los efectos de la realización de sentadillas sobre una plataforma
vibratoria (40 hz; 4 mm) con respecto a la realización de sentadillas convencionales. Ambos
grupos entrenaron empleando el mismo porcentaje de 1RM. Después de cinco semanas de
entrenamiento con las características expuestas en la tabla 5 se encontraron mejoras
significativas en el test de CMJ sólo en el grupo sometido a vibración. Por otro lado, ambos
grupos obtuvieron mejoras significativas en el test de 1RM. Sin embargo, no se observaron
diferencias significativas entre las mejoras de rendimiento de cada grupo, aunque sí una
tendencia a la significación estadística (Ronnestad, 2004). 

Tabla 5. Parámetros de entrenamiento para los grupos de entrenamiento con y sin vibración (Ronnestad, 2004)

3.2.2. Adultos lesionados (rehabilitación)

    Desafortunadamente, no se han localizado estudios que hayan comprobado el efecto de la
estimulación vibratoria en deportistas lesionados en su periodo de rehabilitación. En los últimos
años hemos realizado aplicaciones clínicas de caso único como la que se muestra en la figura 4 y
5, donde una estudiante operada de rodilla (que había seguido un plan de rehabilitación clásico
sin obtener resultados positivos) logró mejorar su fuerza y potencia además de reducir su déficit
unilateral, después de sólo 12 sesiones de entrenamiento con vibraciones mecánicas (30-35 Hz;
4 mm; progresión de series de 30 a 60 seg -5 a 10 min totales de exposición- con 3 min de
descanso entre series).

    Pese a tratarse de un estudio de caso único se pueden extraer datos interesantes de cara la
aplicación de las vibraciones en el campo de la rehabilitación postoperatoria. Como ya se
constató en anteriores experiencias que no fueron valoradas objetivamente, el tiempo de
recuperación de una lesión después de realizar un periodo de entrenamiento mediante este
método disminuye de manera dramática. En este caso la persona en cuestión había seguido
anteriormente otro tipo de métodos para rehabilitar su rodilla y no había conseguido volver a su
estado pre-operatorio. Como puede observarse en la figura 5, la recuperación del déficit de
fuerza unilateral fue completa, pasándose de un 91% a un 3%. Por otro lado, la paciente en
cuestión pudo volver a realizar su profesión habitual (profesora de aeróbic) sin molestias en la
rodilla operada. 
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Figura 4. Efectos de la aplicación de vibraciones mecánicas en la mejoras de la curva de fuerza-velocidad y de la
potencia en un sujeto operado de rodilla (Tous, 2001; datos sin publicar) 
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Figura 5. Efectos de la aplicación de vibraciones mecánicas en la reducción del déficit unilateral en un sujeto
operado de rodilla (derecha) después de 12 sesiones de entrenamiento. La gráfica de arriba refleja una curva de

potencia-tiempo con los resultados del primer test al movilizar una carga cercana al peso corporal (60 kgs); puede 
observarse la gran diferencia de potencia aplicada entre ambas piernas. La gráfica de abajo indica la restitución del

déficit a valores normales (Tous, 2001; datos sin publicar)
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    Otra experiencia que pudimos controlar fue un entrenamiento por medio de vibraciones
mecánicas en un jugador profesional de baloncesto que padecía una condropatía rotuliana y
como consecuencia fuertes dolores en la articulación de la rodilla que le impedían ejercitarse al
máximo. Los resultados fueron altamente satisfactorios tanto objetiva como subjetivamente
(percepción del jugador sobre el estado de su articulación. 

Tabla 6. Mejoras en un test de potencia en prensa 45º con diferentes cargas para cada pierna y para las dos
piernas 

    En la tabla 6 pueden observarse las mejoras después de 12 sesiones de entrenamiento (4
semanas) empleando un volumen de 10 minutos de trabajo sobre la plataforma con 3 minutos
de descanso entre serie. Pese a tratarse de una persona altamente entrenada, se pudo constatar
también las mejoras que provoca la aplicación de vibraciones mecánicas. Se ha de tener en
cuenta que el sujeto no realizó durante el periodo de tiempo investigado ningún otro tipo de
ejercicio con el objeto de desarrollar la fuerza muscular. Se encontraron mayores mejoras en la
zona de cargas ligeras que en la de cargas pesadas, lo cual concuerda con anteriores
experiencias realizadas en deportistas altamente entrenados. Sin embargo, durante la realización
del test posentrenamiento con la carga de 80 kgs el sujeto probablemente no se esforzó al
máximo; de ahí que se observara un descenso en la potencia media desarrollada.

3.2.3. Adultos entrenados

    En sujetos entrenados existen muy pocos trabajos que empleen diseños de investigación
controlados. Issurin et al (1994) son los primeros en presentar en publicaciones indexadas un
estudio con deportistas con una cierta experiencia en entrenamiento. Dividieron a 24 varones
practicantes de diferentes deportes en tres grupos: (a) ejercicios convencionales de fuerza para
los brazos y ejercicios de flexibilidad con estimulación vibratoria para las piernas; (b) ejercicios
con estimulación vibratoria para los brazos y ejercicios de flexibilidad para las piernas; (c) grupo
control, entrenamiento irrelevante. Las vibraciones fueron aplicadas mediante un sistema
especial de cables unidos a una polea con cargas que recibía vibración por medio de n motor.
Los parámetros empleados fueron 44 Hz y 3 mm con una frecuencia de 3 sesiones semanales y
una duración por sesión de 20-23 min. Después de 3 semanas de entrenamiento, se encontró
una mejora de la 1RM en tracción en banco sentado de un 49% en el grupo (b) sometido a
vibraciones, por un 16% en el grupo convencional (a) y ningún cambio en el grupo control (c).
En cuanto a las ganancias de flexibilidad, fueron equivalentes a un 43,6% en (a), un 19,2 % en
(b) y un 5,8 en el grupo control (c).

    Un sistema que también empleaba cables transmisores de vibración fue empleado por Becerra
y Becker (2001) en nadadores bien entrenados. La muestra (n=23) fue dividida en 4 grupos: (a)
vibración (20-24 Hz; 4 mm) añadida a la movilización de una carga equivalente al 50-60% de la
fuerza máxima isométrica a una velocidad angular de 180º/s en la articulación del hombro
(empleo de banco isocinético). 2 min de trabajo, 2 minutos de pausa, con incremento de 2
repeticiones de sesión a sesión. 3 sesiones semanales para un total de 7 sesiones; (b) mismo
trabajo sin vibración añadida; (c) vibración añadida a la movilización de una carga equivalente al
90-95% de la fuerza máxima isométrica a una velocidad angular de 30º/s. 30 seg de trabajo
seguidos de 90 seg de recuperación, con incremento de repeticiones de 10 a 14; (d) mismo
trabajo que (c) pero sin vibración añadida. Un resumen de los resultados obtenidos puede
consultarse en la tabla 7. 
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Tabla 7. Resultados obtenidos en los diferentes tests generales y específicos empleados. Fexp: índice de fuerza
explosiva(Becerra & Becker, 2001) 

    La presentación de resultados en este estudio es bastante confusa por lo que los resultados
han de ser interpretados con cautela hasta que otros autores puedan repetir la investigación. Sin
embargo, es el único estudio que ha comprobado la influencia de la estimulación vibratoria en la
mejora del rendimiento en un deporte, de ahí su interés. En este caso se encuentran mejoras en
los tiempos empleados para nadar diferentes distancias, aunque dichas mejoras no alcanzan la
significación estadística. Desafortunadamente, algunos datos presentados en las tablas no se
corresponden con los presentados en gráficos o en el texto por lo que se hace difícil la valoración
de la investigación.

    Bosco et al sometieron a un plan de entrenamiento por medio de WBV a futbolistas
profesionales durante la fase de pretemporada (n= 17; 21-34 años). Se realizó 1 mes de
entrenamiento (5 sesiones semanales) con 5 sers de 60" con 60" de pausa; SQ 90º; 30 Hz; 5
mm (3,6g; equivale a DJ60). Se encontró un aumento significativo en CMJ, RJ15, RJ5 y test
"seat and reach" (12 cms de mejora). Sin embargo, este estudio no incluyó grupo control por lo
que las mejoras pudieron deberse a otros factores no relacionados con la aplicación de
vibraciones (Bosco et al., 2001).

    Por otro lado, Berschin et al (2003) compararon en jugadores de rugby profesionales un
programa de entrenamiento mediante WBV (5 series x 3´ con 2-3' de pausa; 20 Hz; 3 mm;
sobrecarga sobre la espalda creciente cada semana hasta llegar al 70% de 1RM) con respecto a
un programa de entrenamiento de fuerza clásico (5 x 12 reps al 70% levantado explosivo con 2´
de pausa entre serie). El grupo sometido a vibraciones mejoró más en todas las pruebas
empleadas que el grupo convencional. Este fue el primer estudio en incluir un test de agilidad
(cambios de dirección) en las pruebas de valoración funcional. Además los sujetos refirieron una
mayor capacidad de aceleración, movilidad lateral y una mayor estabilidad en las acciones de
juego (Berschin et al., 2003).

    Cronin et al (2004) investigaron el efecto de 10 días de entrenamiento por medio de
vibraciones mecánicas (26 Hz; 5,2 mm; programa progresivo de 5 ejercicios con duración de
entre 90 y 120 seg y 40 seg de pausa) en 15 bailarines experimentados. Los sujetos fueron
divididos de manera aleatoria en tres grupos: (a) vibraciones; (b) mismos ejercicios sin
vibraciones; (c) control (sólo entrenamiento de danza habitual). Los resultados obtenidos pueden
consultarse en la tabla 7. 

Tabla 8. Porcentajes de cambios producidos en los tres grupos investigados entre los niveles iniciales y después de
10 días. En las tres últimas columnas se incluye la probabilidad de que ese porcentaje de cambio sea clínicamente

beneficioso, trivial o perjudicial (Cronin et al., 2004)

    Como puede observarse en la tabla 8, los efectos más claros se produjeron en la mejora del
ciclo de estiramiento-acortamiento (CEA) rápido, medido mediante el test DJ (Drop Jump) y el
cálculo del CR (coeficiente de reactividad = altura de salto/ tiempo de contacto). Así, existe un
89 % de probabilidad de que el programa de vibraciones empleado sea beneficioso para mejorar
estos dos parámetros citados.
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    Durante el verano del 2001 realizamos una experiencia novedosa al combinar la preparación
para los campeonatos internaciones de voley-playa femenino con un entrenamiento por medio
de vibraciones mecánicas. Participaron 9 jugadoras integrantes de la selección española de
voley-playa (25,4 ± 2,7 años de edad; 173,04 ± 5,1 m de altura; 65,7 ± 7,3 kgs de peso
corporal). La duración del entrenamiento fue de 24 días, con un total de 11 sesiones, 10 series
de 1 min con 3 min de recuperación, una frecuencia de estimulación de 30 Hz y una amplitud de
4 mm.

    Se realizaron antes y después del periodo de entrenamiento tests de sobrecarga progresiva en
media sentadilla para estimar la potencia mecánica desarrollada en cada carga. Los sujetos,
durante el periodo de tiempo estudiado continuaron con su entrenamiento técnico-táctico y
físico, añadiendo la aplicación de vibraciones. Desafortunadamente, no se pudo incluir un grupo
control debido a las características excepcionales de la muestra que se encontraba en un periodo
de preparación para una competición internacional. En la tabla 9 se muestran los resultados
correspondientes a los porcentajes de mejora obtenidos después de las 11 sesiones de
entrenamiento. 

Tabla 9. Porcentajes de mejora en la potencia mecánica media desarrollada para diferentes cargas en el ejercicio
de media sentadilla obtenidos después de 11 sesiones en jugadoras internacionales de voley playa (Moras y Tous,

2001; datos sin publicar).

    En esta experiencia nos encontramos con una situación real de entrenamiento donde se
combina todo tipo de trabajo condicional con un trabajo técnico-táctico de una magnitud de
carga elevada. Sin embargo, esto constituye un gran problema a la hora de investigar los efectos
de la aplicación de vibraciones; ya que no se puede diferenciar los efectos de las vibraciones de
los del resto de entrenamientos. De esta manera, se observa en el estudio una gran variabilidad
en el rendimiento de las diferentes deportistas que puede deberse al diferente nivel de
entrenamiento con que llegaron a la concentración. Aunque se producen mejoras en la potencia
media desarrollada para todas las cargas (excepto para 40 ks), sólo son estadísticamente
significativas para la carga mayor (90 kgs) No obstante, las mayores mejoras se encuentran en
la zona de 20 kgs (no significativas) tal y como habíamos observado en anteriores experiencias.
Sin embargo, el resultado más importante para este tipo de muestra y situación fue la no
aparición de lesiones durante este periodo intenso de preparación para una competición
internacional.

    Como aplicación más importante se puede extraer que es posible combinar un periodo de
entrenamiento intenso con la aplicación de vibraciones mecánicas sin que por ello se vea
disminuida la potencia aplicada en un test de media sentadilla ni aumente el índice de lesiones.

3.2.3. Tercera edad

    También en la tercera edad se han realizado aplicaciones de este método. Runge et al (Runge
et al., 2000) encontraron un aumento significativo promedio de un 18% en el test de levantarse
de la silla, después de 2 meses de entrenamiento (3 días por semana; 3 series de 2 minutos) en
un grupo mixto de sujetos de 67 años de media. El test de levantarse de la silla consiste en
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elevarse 5 veces de una silla tan rápido como sea posible sin emplear los brazos de ayuda, por lo
tanto es un indicador de la potencia del tren inferior (trabajo realizado por unidad de tiempo)
Los autores indican su larga experiencia con el método de entrenamiento como tratamiento en
una clínica geriátrica y la exclusión de pacientes con lesiones agudas de la columna y
extremidades inferiores así como en la trombosis y urolitiasis aguda.

    Iwamoto et al (2004) comprobaron la eficacia de un programa de entrenamiento en la
competencia ambulatoria de 25 mujeres de 72,8 7,0 años de edad. El programa de
entrenamiento incluía una sesión semanal de vibraciones (4 minutos a 20 Hz; 0,7-4,2 mm)
combinada con ejercicios diarios de equilibrio estático (flamencos) y de fuerza (10 sentadillas con
el propio peso corporal). Después de 3 meses de entrenamiento se observó una mejora
significativa en los siguientes tests: longitud de paso, máximo momento extensor de la rodilla,
máximo tiempo mantenido sobre una pierna. Por otro lado, no se observaron efectos adversos
como fracturas vertebrales y problemas cardiovasculares. Desafortunadamente en este estudio
no se pudo separar la posible eficacia de la estimulación vibratoria con respecto a los otros dos
modelos de entrenamiento. Además, la no inclusión de un grupo control limita las inferencias
que pudiera realizarse al resto de población (Iwamoto et al., 2004).

    También Miyamoto et al. (2003) encontraron una mejora del equilibrio después de 6 meses
de entrenamiento en una muestra de 20 sujetos de una media de 72,6 años de edad, por lo que
sugieren su aplicación como prevención de las caídas(Miyamoto et al., 2003). Se ha de tener en
cuenta que más del 90% de fracturas de cadera se produce como consecuencia de caídas
(Runge et al., 2000). Además, el 80% de sujetos mayores de 80 años sufren al menos una caída
al año (Armstrong & Wallace, 1994).

    Russo et al (2003) investigaron el efecto de 6 meses de entrenamiento por medio de
vibraciones mecánicas (28 Hz; amplitud variable) en 14 mujeres posmenopáusicas (60,7 6,1)
años de edad) con respecto a 15 mujeres de similares características (61,40 7,3 años de edad)
incluidas en un grupo control. El grupo de entrenamiento realizó 2 sesiones semanales
(promedio de 32 sesiones y 200 minutos de exposición totales) que incluían 3 series de 2
minutos de trabajo con 1 minuto de recuperación. Después de los 6 meses de intervención, el
grupo que realizó el entrenamiento mejoró un 5% su potencia, siendo esta mejora significativa
con respecto al grupo control que incluso disminuyó con respecto a sus niveles iniciales. Sin
embargo, la fuerza muscular no se vio afectada como consecuencia del entrenamiento.
Desafortunadamente, el método administrado para evaluar la fuerza y la potencia en este
estudio deja bastante que desear ya que se empleó un salto vertical sobre una plataforma de
fuerzas para obtener los citados parámetros.

    Roelants et al (2004) han reportado mejoras en la fuerza muscular y velocidad de movimiento
de los extensores de la rodilla así como en la capacidad de salto de mujeres posmenopáusicas
(58-74 años de edad) después de 24 semanas de entrenamiento en una plataforma vibratoria.
Las mejoras fueron similares a las de otro grupo que realizó un entrenamiento de fuerza
convencional y se produjeron fundamentalmente en las primeras doce semanas. 

Tabla 10. Parámetros del programa de vibraciones al comienzo y al final del mismo (Roelants et al., 2004)
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3.2.4. Tejido óseo

    Por otro lado, una de las aplicaciones más prometedoras de este método es la prevención y
rehabilitación de osteoporosis. El equipo de Clinton Rubin de la Universidad Estatal de Nueva
York, es el que mayores aportaciones ha realizado en este campo. En una serie de interesantes
estudios encontraron que las vibraciones de alta frecuencia y baja magnitud provocan un efecto
anabólico en el tejido óseo de ovejas (Rubin et al, 2001a) y ratas (Rubin et al, 2001b; también
en Flieger et al (1998)). Más recientemente se han publicado los mismos efectos en mujeres
posmenopáusicas (Verschueren et al, 2004; Rubin et al, 2004) y en niños discapacitados (Ward
et al, 2004). Parece que estas poblaciones tienen mayor capacidad de beneficiarse que población
joven y sana como la empleada por Torvinen et al (2003) que no encontraron ninguna
adaptación ósea después de 8 meses de entrenamiento. Bien es cierto que Russo et al (2003)
tampoco encontraron mejoras en la densidad ósea después de 6 meses de entrenamiento en
mujeres posmenopáusicos aunque al igual que Torvinen et al, el volumen de trabajo por sesión
fue muy escaso (6 y 4 minutos respectivamente con respecto a 2 sesiones de 10 min diarias en
el trabajo de Rubin et al y 30 min por sesión en el trabajo de Verschueren et al).

    La frecuencia y amplitud de vibración parece tener gran importancia en la proliferación de
osteoblastos en cultivo, habiéndose encontrado que éstos son más sensibles a vibraciones de
baja amplitud y frecuencia amplia (de 0 a 50 Hz) (Tanaka et al., 2003b). Esta respuesta
osteogénica a la carga mecánica parece ser aumentada si se emplea el fenómeno de resonancia
estocástica. Para conseguir este efecto se ha añadir ejercicio dinámico a la aplicación de
vibraciones (Tanaka et al., 2003a). Estos dos estudios han sido realizados con cultivos o con
ratas. En humanos, el grupo de Rubin promueve el uso de vibraciones en torno a los 30 Hz pero
con una amplitud muy pequeña que resulta en una aceleración de sólo 0,3 g. En cambio, en el
trabajo de Verschueren et al (2004), se emplean frecuencias similares (35-40 Hz) pero
amplitudes entre 1,7 y 2,5 mm, para resultar en aceleraciones muy superiores de 2,28-5,09 g.
Ambos estudios obtuvieron mejoras significativas por lo que se hace necesario realizar más
estudios para conocer la posible especificidad de la respuesta osteogénica a la amplitud y
frecuencia de vibración.

    Otro modelo de investigación es el empleado por Rittweger y Felsenger (2004) para prevenir
la pérdida de masa ósea en sujetos que permanecieron encamados durante 8 semanas. El grupo
de entrenamiento recibió vibraciones mecánicas en posición supina (19-23 Hz), a razón de 4
series de 1 minuto, 2 veces al día, 6 días a la semana. Después del entrenamiento la pérdida de
masa ósea no fue significativa pero sí diferente a la pérdida obtenida en el grupo control
(Rittweger & Felsenberg, 2004).

3.2.5. Tejido cartilaginoso

    El tejido cartilaginoso, al contrario que otros tejidos conectivos, no posee vasos sanguíneos o
terminaciones nerviosas propias. Por esta razón, la regeneración del mismo ante una lesión es
sumamente dificultosa requiriendo de una neovascularización e inervación de la zona. Para evitar
degradarse, este tejido necesita recibir cargas dinámicas mecánicas externas (Liu et al., 2001).
En nuestro conocimiento no se han publicado estudios que hayan comprobado la posible
adaptación del tejido cartilaginoso ante un estímulo vibratorio como el que puede provocarse con
una plataforma disponible comercialmente. Sin embargo, se han realizado estudios con cultivos
de condrocitos articulares de conejo cuyos resultados son muy prometedores. De este modo, Liu
et al (2001) encontraron que una vibración de 300 Hz y 1,4 g provocaba un aumento
considerable de la síntesis de ADN en dichos condrocitos así como un aumento en la síntesis de
proteoglicanos. Sin embargo, frecuencias de 200 Hz y 400 Hz provocaban un efecto contrario.

    Esta es una de las líneas de trabajo donde más se ha de investigar para comprobar si en
sujetos con osteoartritis se producen mejoras significativas como consecuencia de la aplicación
de estímulos vibratorios.

3.2.6. Efectos perjudiciales

    La aplicación prolongada de altas frecuencias de vibración ha demostrado ser nociva en otros
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aspectos. Así, Necking et al (1996) aplicaron vibraciones a ratas a una frecuencia de 80Hz
durante 5 horas diarias y 5 días consecutivos, encontrando como respuesta una degeneración
fibrilar en distintos músculos (Necking et al., 1996). También Bovenzi (1991) encontró que
aquellos trabajadores que empleaban la sierra mecánica tenían una menor fuerza de prensión
con la mano que los que no la utilizaban (Bovenzi et al., 1991). En estudios epidemiológicos se
ha descrito la aparición de los primeros síntomas del síndrome por vibración después de una
exposición de 2000 horas (2-8 horas diarias) a herramientas de mano vibradoras (Miyashita et
al., 1983). Por otro lado, la aplicación prolongada de bajas frecuencias ha demostrado guardar
una relación con el low back pain (Lings & Leboeuf-Yde, 2000; Bovenzi & Hulshof, 1999). Sin
embargo, un trabajo reciente del grupo de Rittweger ha encontrado todo lo contrario en una
muestra de 50 sujetos de 51,7 ± 5,8 años y un historial médico de LBP crónico de 13,1±10,0
años. Los sujetos participantes realizaron 18 sesiones de entrenamiento durante 12 semanas, de
forma que durante las primeras 6 semanas se realizaban 2 sesiones y durante las segundas sólo
una sesión semanal. La amplitud de la vibración tuvo su máximo en 6mm y la frecuencia se
estableció en 18 Hz; por otra parte la duración del ejercicio fue incrementándose hasta alcanzar
un máximo de 7 min. A partir de la 10ª sesión se añadió una sobrecarga en los hombros de
hasta un 30% del peso corporal. Después del periodo de entrenamiento se encontró una
reducción de la percepción de dolor similar a la de otro grupo que entrenó con máquinas MedX y
un aumento del momento flexor lumbar que en este caso fue menor que el del grupo MedX. De
esta manera se concluye que la aplicación controlada de vibraciones mecánicas puede ser la cura
y no la causa del LBP (Rittweger et al., 2002).

4. Conclusiones

    La aplicación de vibraciones mecánicas al organismo humano parece representar un intenso
estímulo para las diferentes estructuras que lo componen. Mientras la exposición crónica a estas
vibraciones parece ser perjudicial, el empleo de vibraciones con frecuencias de entre 25 y 40 Hz
y amplitudes entre 2 y 10 mm aplicadas en sesiones de una duración total inferior a lo 30
minutos ha demostrado provocar efectos beneficiosos en diferentes parámetros de rendimiento
físico. De esta manera, se ven aumentadas vía refleja las respuestas musculares y
propioceptivas, lo que provoca mejoras a medio y largo plazo en los niveles de potencia, fuerza y
equilibrio postural en diferentes poblaciones. Asimismo, diversos tejidos que requieren de
impactos mecánicos para regular su metabolismo, como es el caso del óseo y del cartilaginoso,
han demostrado adaptarse positivamente a la estimulación vibratoria. Resta por comprobar la
posible adaptación positiva de tejidos elásticos (fascias, ligamentos, tendones) a la vibración, por
la incidencia que tendría la misma en la mejora de la economía del movimiento.

    La respuesta a las vibraciones parece ser bastante específica al individuo y a los parámetros
(frecuencia, amplitud y duración) de estimulación empleados. El conocimiento de estos
parámetros es sumamente importante a la hora de analizar los diferentes estudios y los
resultados obtenidos, ya que en muchas ocasiones se han empleado vibraciones totalmente
diferentes a las que aplica una plataforma disponible comercialmente. Por esta razón se hace
necesaria la realización de estudios adicionales a largo plazo de cara a conocer la dosis óptima
para cada individuo y si podrían llegar a provocar los efectos perjudiciales descritos ampliamente
en medicina ocupacional.

Notas

Se emplea la traducción propuesta en la Enciclopedia de Salud y Seguridad en el Trabajo1.
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ABSTRACT

ABERCROMBY, A. F. J., W. E. AMONETTE, C. S. LAYNE, B. K. MCFARLIN, M. R. HINMAN, and W. H. PALOSKI. Vibration

Exposure and Biodynamic Responses during Whole-Body Vibration Training.Med. Sci. Sports Exerc., Vol. 39, No. 10, pp. 1794–1800,

2007. Purpose: Excessive, chronic whole-body vibration (WBV) has a number of negative side effects on the human body, including

disorders of the skeletal, digestive, reproductive, visual, and vestibular systems. Whole-body vibration training (WBVT) is intentional

exposure to WBV to increase leg muscle strength, bone mineral density, health-related quality of life, and decrease back pain. The

purpose of this study was to quantitatively evaluate vibration exposure and biodynamic responses during typical WBVT regimens.

Methods: Healthy men and women (N = 16) were recruited to perform slow, unloaded squats during WBVT (30 Hz; 4 mmp-p), during

which knee flexion angle (KA), mechanical impedance, head acceleration (Harms), and estimated vibration dose value (eVDV) were

measured. WBVT was repeated using two forms of vibration: 1) vertical forces to both feet simultaneously (VV), and 2) upward forces

to only one foot at a time (RV). Results: Mechanical impedance varied inversely with KA during RV (effect size, Gp
2: 0.668, P G 0.01)

and VV (Gp
2: 0.533, P G 0.05). Harms varied with KA (Gp

2: 0.686, P G 0.01) and is greater during VV than during RV at all KA

(P G 0.01). The effect of KA on Harms is different for RV and VV (Gp
2: 0.567, P G 0.05). The eVDV associated with typical RV and

VV training regimens (30 Hz, 4 mmp-p, 10 minId
j1) exceeds the recommended daily vibration exposure as defined by ISO 2631-1

(P G 0.01). Conclusions: ISO standards indicate that 10 minIdj1 WBVT is potentially harmful to the human body; the risk of adverse

health effects may be lower during RV than VV and at half-squats rather than full-squats or upright stance. More research is needed

to explore the long-term health hazards of WBVT. Key Words: ISO 2631-1, ESTIMATED VIBRATION DOSE VALUE,

MECHANICAL IMPEDANCE, HEAD ACCELERATION, RISK

Whole-body vibration training (WBVT) has been
shown to elicit beneficial effects including
improvements in isometric/dynamic leg muscle

strength (18,22), bone mineral density (BMD) (20,22),
back pain (12,17), health-related quality of life, and
decreased fall risk (5). However, the proposed benefits of
WBVT are equivocal (16), and it is possible that deleterious
side effects of WBVT exist (6,7,19). It is well accepted that
chronic whole-body vibration (WBV), which is uninten-
tional vibration exposure resulting from an individual_s
chosen occupation has been reported to have a number of

negative side effects that are known to disturb normal
physiology and structure in the back, digestive, reproduc-
tive, visual, and vestibular systems (4,9,14,21). For exam-
ple, operators of off-road vehicles, tractors, helicopters and
armored vehicles are frequently exposed to high-magnitude
vibration for prolonged durations. The resulting vibration of
the spinal column is believed to cause intervertebral disc
displacement, spinal vertebrae degeneration, and osteo-
arthritis (9,14,21), and vibration that is transmitted through
the spinal column to the head may induce hearing loss,
visual impairment, vestibular damage, and can even induce
brain hemorrhaging at very high vibration magnitudes
(2,8,9,11). Quantitative techniques exist to quantify the
severity of occupational WBV exposures and relate those
WBVexposures to health risks; however, we are unaware of
any previous attempts to apply these techniques to WBVT.

Vibration exposure may be quantified using estimated
vibration dose value (eVDV, ISO 2631-1) (10), which is
calculated using direction, frequency, magnitude, and
duration of the vibration applied to a human and amalgam-
ated into a single metric. The eVDV is classified as
potentially harmful if it exceeds an ISO upper limit of 17.
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The potential for negative side effects associated with
WBV can also be assessed by measuring head and spine
acceleration and mechanical impedance (9). Relative ap-
parent mass magnitude (RAMM) is a measure of relative
mechanical impedance; increased RAMM is associated with
decreased joint compliance, which increases the body_s
absorption of vibration energy (9,15). Joint compliance
limits transmission of vibration energy to the head and
upper body (13).

A combination of eVDV, head acceleration, and
RAMM measurements are useful in quantitatively defining
the risk of negative side effects for a given dose of
WBVT. Thus, we hypothesized that: 1) RAMM would
vary inversely with knee flexion angle (KA), 2) root mean
square (RMS) head acceleration (Harms) would be greater
during VV than during RV, 3) Harms during RV and VV
would vary inversely with KA, 4) the direction of platform
vibration (RV vs VV) would significantly affect the
relationship examined in hypothesis 3, and 5) the eVDV
associated with typical RVand VV training regimens (30 Hz,
4 mmp-p, 10 minIdj1) would exceed the recommended daily
vibration exposure as defined by ISO 2631-1. The purpose
of this study was to quantitatively evaluate and compare the
severity of vibration exposure during typical WBVT
regimens using two different directions of vibration.

METHODS

Approach to the problem and experimental
design. A single-group study design with repeated mea-
sures was employed in which Harms, RAMM, and eVDV
were the dependent variables. The independent variables
were KA (10–15, 16–20, 21–25, 26–30, and 31–35-) and
vibration direction (RV vs VV).

Subjects and study design. Nine male (32.7 T 7.0
yr; 178 T 2.8 cm; 85.8 T 7.9 kg) and seven female (32.7 T
8.3 yr; 167 T 7.8 cm; 67.2 T 11.3 kg) subjects were
recruited through the NASA–Johnson Space Center Human
Test Subject Facility. All subjects were screened for
contraindications to vibration exposure. Exclusion criteria
included a history of back pain, acute inflammations in the
pelvis and/or lower extremity, acute thrombosis, bone
tumors, fresh fracture, fresh implants, gallstones, kidney or
bladder stones, any disease of the spine, peripheral vascular
disease, or pregnancy. Written informed consent was
obtained for each subject, and all procedures were approved
by the institutional review boards at NASA–Johnson Space
Center and at the University of Houston.

Each subject participated in a single data-collection
session, consisting of exposure to each of two different
directions of WBV: rotational vibration (RV) and vertical
vibration (VV). After a 15-s exposure to each vibration
direction for familiarization, subjects performed dynamic
squats during each of the two vibration conditions while
Harms, RAMM, eVDV, and KA were measured. Each
subject performed two 15-s dynamic squats on each

vibration platform, separated by 60 s with 5 min of rest
between vibration directions, for a total vibration duration
of 30 s on each vibration platform. The order in which
vibration directions were presented was balanced among all
subjects, to control for any possible confounding effects of
muscular fatigue or adaptation to the WBV. Although
biodynamic responses to WBV are likely to vary with
exposure duration, this effect was not investigated directly
in this study. The estimated effect of exposure duration on
the likelihood of deleterious health effects in this study was
based on the time dependence incorporated within the
eVDV calculation in ISO 2631-1 (10).

Vibration conditions. Subjects completed WBVT at
30 Hz and 4-mm peak-to-peak (p-p) amplitude using a
Power Plate (Power Plate North America LLC, Culver City,
CA) and a prototype Galileo 2000 (Orthometrix, Inc.,
White Plains, NY) WBVT platform. The Power Plate
platform (VV) vibrates in a predominantly vertical direction
with 4-mmp-p amplitude (Fig. 1). The Galileo 2000 (RV)
rotates about an anteroposterior horizontal axis such that
positioning the feet farther from the axis of rotation results
in larger-amplitude vibration. In addition to the mediolateral
component of the vibration force, RV also differs from VV
because of the asynchronous nature of the RV, whereby
force is applied alternately to the left and right foot. The
result is an asymmetric perturbation of the legs during RV
exposure. Conversely, the VV platform translates vertically
under both feet at the same time, which results in
simultaneous, symmetrical movement of both sides of the
body during VV exposure. In this study, VV was applied
with 4-mmp-p amplitude at 30 Hz. During RV at 30 Hz,
subjects_ feet were positioned 10.3 cm from the axis of
rotation corresponding to 4-mmp-p amplitude. The same
stance width was used during VV. The appropriate foot
positions were marked on each platform to ensure
consistency between platforms and among trials. During

FIGURE 1—Comparison of rotational vibration (RV, left) and vertical
vibration (VV, right). Platform displacements are exaggerated for
demonstrative purposes.
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testing sessions, subjects wore the same type of sports socks
to standardize any damping of vibration attributable to
footwear. Subjects did not wear shoes during testing. To
minimize unwanted foot movement during vibration, fine-
grade sandpaper with adhesive backing was attached to the
vibration platforms, which improved traction between the
subjects_ socks and the platform.

Posture conditions. After instrumentation, a test
operator demonstrated the slow dynamic squatting
movement to be performed during the testing protocol.
Starting from an upright posture with 5- knee flexion,
subjects slowly squatted until 40- of knee flexion was
achieved. After holding the 40- knee flexion posture for 2 s,
subjects slowly returned to the starting posture. To control
the angular velocity of the flexion and extension
movements, a test operator used a metronome at 60 bpm
concurrently with verbal commands such that the flexion
and extension phases of movement each lasted 4 s, with a
2-s pause between phases. The limited range of KA was
chosen to allow unsupported squatting during WBVT
without inducing loss of balance.

Before commencing data collection, test operators
instructed subjects on the appropriate foot placement on
each platform, as described above. Subjects were given
instructions to be followed during all data-collection trials:
stand with head and eyes forward, stand with equal weight
on each foot, stand with weight distributed over the whole
of each foot, stand with arms outstretched with palms facing
down, and do not touch the handrail during data collection
unless support is required.

The squat movement was practiced before data collection
until a consistently smooth movement was achieved. All
conditions were performed twice, and the average head and
platform acceleration values were calculated for each KA
(described below). Trials were repeated if subjects touched
the handrail or if their feet moved noticeably from the
required positions.

Safety and fatigue. To minimize fatigue, each trial
was limited to a maximum of 15 s in duration, and each
vibration trial was separated by at least 1 min. The
cumulative exposure to WBVT, including data collection
and practice trials, did not exceed 3 min for any subject.

Throughout the testing protocol, subjects were asked
to rate their perceived exertion using Borg_s 20-point
rating of perceived exertion scale (3). No subjects
reported exertion as somewhat hard (13 on the 6–20
scale) or greater. During and after the testing protocol,
subjects were instructed to report any discomfort to the test
operators or the responsible physician at the human test
subject facility. During testing, one subject experienced
itchiness in both feet from mild edema. Symptoms were
relieved quickly after the subject walked around the
laboratory. No other adverse effects were reported during
or after testing.

Knee flexion angles. Unilateral position data from
the lateral malleolus, lateral tibial head, and greater

trochanter were recorded using an optoelectronic motion-
analysis system (Optotrak 3020, Northern Digital, Inc.,
Waterloo, Canada; RMS error: T 0.1 mm). Position
markers were also attached to each WBVT platform to
measure displacement immediately anterior to the right
foot of each subject. Position data were sampled at 400 Hz
using NDI Toolbench software. The Optotrak camera unit
was positioned to view subjects in the sagittal plane. KA
was calculated using the angle between ankle, knee, and
hip kinematic markers in the sagittal plane. Data from all
trials were visually inspected. Because some subjects did
not squat to fully 40-, only data from KA between 10 and
35- were analyzed.

Head and platform acceleration. Triaxial accelera-
tions of each WBVT platform and the head of each subject
were measured using miniature triaxial accelerometers
(EGAXT3, Entran Devices, Inc., Fairfield, NJ). A 25g
accelerometer was attached to each WBVT platform
immediately anterior to the right foot of the subject, in
accordance with the ISO 2631-1 standards for the
evaluation of whole-body vibration (10). A 5g accelerom-
eter was attached to a custom-made plastic bite-bar, which
measured subjects_ head acceleration when held firmly
between the teeth. Accelerometers were powered on 1 h
before commencing data collection, to ensure a constant
accelerometer temperature during testing. Signals were
sampled at 2000 Hz synchronously with kinematic data
using a 16-bit Optotrak Data Acquisition Unit II and NDI
Toolbench software (Northern Digital, Inc., Waterloo,
Canada). Accelerometer data were digitally low-pass
filtered before further processing (40 Hz low pass; 10th-
order Butterworth; fpass = 40 Hz, fstop = 100 Hz; minimum
50-dB stop-band attenuation; maximum 0.01-dB pass-band
ripple).

Instantaneous triaxial head and platform accelerations
were expressed as a root sum square, arss, to reflect the
overall magnitude of acceleration for each subject at each
instant during each trial. For all arss data points, RMS
values were calculated to yield measures of RMS head
acceleration (Harms) and RMS platform acceleration (Parms)
that reflected the mean power of head and platform
accelerations. RMS acceleration is the ISO 2631-1 recom-
mended measure of sinusoidal vibration magnitude. RMS
values were calculated using a 250-ms moving window
with successive windows overlapping by 249 ms.

Mechanical impedance. Apparent mass magnitude
(AMM) is a measure of mechanical impedance defined as
the ratio of force to acceleration. When the peak force
applied by the platform during each cycle of vibration is
constant but unknown, the reciprocal of platform
acceleration magnitude defines a measure of RAMM that
will vary in direct proportion to variation in actual AMM.
Because the subsequent analysis required within-subject
comparisons only and did not compare vibration directions,
measurement of vibration force was unnecessary. For all
conditions, RAMM of each WBVT platform was calculated
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as the reciprocal of Parms. For each subject, the average
values of Harms, Parms, and RAMM were calculated for each
of the 5- increments between 10 and 35-, and these mean
values were used in the subsequent statistical analysis.

eVDV. eVDV was calculated according to the procedures
defined by ISO 2631-1 (10). RMS platform acceleration
was calculated in each orthogonal axis and was averaged
across all KA. RMS acceleration values were then weighted
according to the frequency-weighting coefficients defined
in ISO 2631-1. In this process, RMS acceleration values in
each axis are multiplied by specific coefficients, such that
values were adjusted to more closely reflect the health
hazard posed to the human body. Coefficients are defined
by ISO 2631-1 on the basis of the frequency and the
direction of vibration being applied to the body, both of
which are known to affect the likelihood of the vibration
causing bodily harm. Coefficients of Wk = 0.426
(cephalocaudal axis) and Wd = 0.067 (anteroposterior and
mediolateral axes) were applied to yield frequency-
weighted RMS accelerations in each axes (awx, awy, and
awz) for RV and VV platforms. The rotational motion of
the RV platform meant that the coordinate system of the
accelerometer rotated with respect to the gravity vector
during RV; however, the amount of rotation was calculated
as approximately T 1.1-, which corresponds to a maximum
overestimate in true vertical and horizontal accelerations of
less than 0.02%. Thus, comparison between RV and VV
using the weighting coefficients defined by ISO 2631-1 was
considered valid.

eVDV was calculated as follows: eVDV = 1.4awT
1/4,

where aw is the frequency-weighted RMS acceleration and
T is the duration of daily vibration exposure in seconds.
When combining accelerations in multiple directions aw is
replacedby thevibration total value,av = (k2xa

2
wx + k2ya

2
wy +

k2za
2
wz)

1/2, where kx, ky, and kz are multiplying factors
defined in ISO 2631-1 (11). For evaluation of health effects,
kx = 1.4, ky = 1.4, and kz = 1. The average eVDV across all
subjects was computed for each vibration direction for
durations up to 1000 sId

j1.
ISO 2631-1 specifies that vibration during sitting or

standing should be measured at the interface between
the vibrating surface and the human. Although weight-
ing coefficients are defined in ISO 2631-1 for WBV
during standing, their use in the evaluation of health
effects of WBV exposure during standing is not
recommended, because research on pathological
responses to WBV is limited primarily to vibration of
the head and upper body during sitting (10). It follows
that relating eVDV during standing to ISO health guide-
lines is only valid if the calculated eVDV reflects the
actual severity of upper-body vibration. Because the legs
serve to damp mechanical energy, particularly at larger
angles of knee flexion (13,23), the vibration at the
interface (feet) does not necessarily represent the vibration
of the upper body. The ratio between the vibration
magnitude of the spinal column and the feet can be

expressed as foot-to-spine transmissibility (FST). By
calculating eVDV for a range of FST values, a calculation
of eVDV is achieved that reflects the amount of upper-
body vibration, provided that the approximate value of
FST is known (see Discussion). Accordingly, eVDV was
calculated for FST values up to 1.1, under the assumption
of equal FST in all axes: measured acceleration values in
each axis were multiplied by coefficients of 0.05 to 1.1,
and eVDV was then calculated as described above.

The average values of av used in the calculation of eVDV
for RV and VV platforms were 22.48 and 16.75 mIs

j2,
respectively. Data were processed using MATLAB version
7.0 (The Mathworks, Inc., Natick, MA).

Statistical analysis. Before statistical analysis,
acceleration data were examined (probability–probability
plot) to evaluate the assumption of normality, which was
satisfied. To correct for violations of the sphericity
assumption as indicated by Mauchly_s test, the Huynh–
Feldt correction was used to adjust the degrees of freedom
in the repeated-measures (RM) ANOVA.

A 5 � 2 (knee angle � direction) RM ANOVA was
performed to evaluate the hypothesis that Harms is affected
by KA, by vibration direction (D), and by their interaction
(KA � D). For each direction, a one-way RM ANOVAwas
performed to test the hypothesis that RAMM would
decrease as knee flexion increased. Effects were tested
using the multivariate criterion of Wilks_ ,. Follow-up
polynomial contrasts were used to statistically test the
quadratic trends in Harms means during RV and VV.
Bonferroni-adjusted paired t-tests compared Harms between
RV and VV conditions. One-sample t-tests were conducted
to evaluate whether the mean eVDV values (at FST = 1) for
each direction were significantly different from 17, the
upper limit of the ISO 2631-1 health caution zone (10). In
all tests, P e 0.05 was considered significant. Statistical
analyses were performed using SPSS 13.0 for Windows
(SPSS, Inc., Chicago, IL).

RESULTS

Means and standard errors of RAMM and Harms with
respect to KA are displayed in Figures 2 and 3, respectively.
The stick figures indicate the squatting position at the
smallest and largest knee angles. The RAMM data are
normalized to the maximum RAMM for each vibration
direction.

Results of the one-way RM ANOVA indicate significant
effects of knee angle on RAMM during RV (Wilks_
, = 0.332, F = 6.05, P = 0.007, Gp

2 = 0.668) and during
VV (Wilks_ , = 0.467, F = 3.42, P = 0.044, Gp

2 = 0.533).
Results of the RM ANOVA for RMS head acceleration

indicate significant main effects of knee angle (Wilks_ , =
0.314, F = 6.57, P = 0.005, Gp

2 = 0.686), direction (Wilks_
, = 0.235, F = 48.94, P G 0.001, Gp

2 = 0.765), and a
significant knee angle � direction interaction (Wilks_ , =
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0.433, F = 3.93, P = 0.029, Gp
2 = 0.567). Follow-up

polynomial contrasts indicate significant quadratic trends in
Harms data through the range of knee angles during RV (F =
24.43, P G 0.01, Gp

2 = 0.620) and VV (F = 26.34, P G 0.01,
Gp

2 = 0.515).
The eVDV calculated for a 10-min daily exposure at 30

Hz and 4-mmp-p amplitude was significantly greater than
17, the upper limit of the ISO 2631-1 health caution zone,
for RV (t(15) = 30.95, P G 0.01) and for VV (t(15) = 14.19,
P G 0.01). Figures 4 and 5 show the mean eVDV for each
vibration direction calculated for daily exposures between
60 and 1000 s and an FST of 0.05–1.1.

The RMS root sum square accelerations of the RV and
VV platforms averaged across all KA were 58.5 and 39.9
mIs

j2, respectively. The difference was attributable in part
to the mediolateral component of the RV platform motion.
Furthermore, inspection of platform-displacement data
revealed that, once loaded, VV amplitude was approx-
imately 0.5 mm (T 0.1 mm) lower than RV amplitude as

measured by optoelectronic motion-capture markers
attached to each platform. However, in the only direct
comparison between the two modalities, Harms was sig-
nificantly greater during VV than during RV. Thus, the
difference in vibration magnitudes was not a confounding
factor; the only effect may have been to underestimate the
size of the difference in Harms between VV and RV.

DISCUSSION

To our knowledge, this is the first study to quantitatively
evaluate vibration exposure and biodynamic responses
during WBVT. The key findings were that, during WBVT
with slow dynamic squatting from 10 to 35- KA, 1)
RAMM during RV and VV varies inversely with KA, 2)
Harms is greater during VV than during RV, 3) Harms during
RV and VV varies inversely with KA, 4) the effect of KA
on Harms is different for RV and VV, and 5) the eVDV
associated with typical RV and VV training regimens (30
Hz, 4 mmp-p, 10 minId

j1) exceeds the recommended daily
whole-body vibration exposure as defined by ISO 2631-1.

Our present findings regarding RAMM and KA are
consistent with those of Lafortune et al. (13), who report
that a decrease in mechanical impedance was associated
with decreased transmission of mechanical energy to the
head. We found that WBVT with a knee flexion angle of
10–15- was associated with the greatest RAMM and, thus,
the greatest transmission of mechanical energy transmitted
to the upper body and head. On the basis of ISO health
standards, this suggests that the use of small knee flexion
angles during WBVT increases the likelihood of negative
side effects and should, therefore, be avoided.

Damping of mechanical energy by the legs is achieved by
compliance of ankle, knee, and hip joints, and also by the

FIGURE 2—Relative apparent mass magnitude (RAMM) variation
with respect to knee flexion angle during rotational vibration and
vertical vibration. Data are normalized to the maximum RAMM for
rotational and vertical vibration. Stick figures indicate the squatting
position at the smallest and largest knee angles.

FIGURE 3—Mean T SE of RMS head acceleration variation with
respect to knee flexion angle for rotational vibration and vertical
vibration. * VV significantly greater than RV (P e 0.01). Stick figures
indicate the squatting position at the smallest and largest knee angles.

FIGURE 4—Estimated vibration dose value (eVDV) with respect to
daily exposure duration and foot-to-spine transmissibility for rota-
tional vibration. The upper limit of the ISO 2631-1 health caution zone
is eVDV = 17.
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modulation of leg muscle activation in a process known as
muscle tuning (13,23). Contrary to our hypothesis, the
relationship between KA and Harms was not linear. Harms

decreased as KA increased from 10 to 30-. When KA
increased beyond 30-, Harms also increased, which we
interpreted as an indication that the ability of legs to damp
mechanical vibration energy decreased when KA was
greater than 30-. Whereas the effectiveness of joint
compliance in damping mechanical energy increases with
KA up to at least 40- (13), we have suggested elsewhere
that the contribution of leg muscles to the dissipation of
mechanical energy via muscle tuning during WBVT may
decrease as KA increases (1). Increased Harms above 30-
KA might also result from the increased baseline neuro-
muscular activation affecting joint compliance.

We also found that the transmission of vibration
mechanical energy to the upper body and head was 71 to
189% greater during vertical than rotational vibration,
which may be attributed to damping of vibration energy
by rotation of the pelvis during RV, because of the
alternating upward forces being applied to the left and right
feet during RV. Others have reported temporary decrements
in visual acuity (11) and visual–motor tracking perform-
ance (24) during low-magnitude VV (Parms e 2.5 msj2,
8–80 Hz) while sitting. Reports of torn utricular otolithic
membranes, abnormal semicircular canals, and fatal brain
hemorrhaging caused by head vibration in monkeys
demonstrate the importance of avoiding unnecessary head
vibration (9). Our present findings suggest that head
vibration during WBVT is minimized by using RV and by
squatting with 26–30- KA.

Greater variability was found in Harms during VV than in
RV; however, decreased variability during VV as Harms

decreased suggests that this may be the result of a floor
effect whereby variability decreases as Harms approaches

zero. It is possible that a floor effect was also responsible
for the larger RAMM variability during VV than in RV, but
this cannot be evaluated from our data, because absolute
AMM values were not measured.

Some intersubject variability in the vibration magnitude
of each platform was observed but could not be explained
by body mass or height differences among subjects when
examined statistically using RM analysis of covariance (P 9
0.05). Although body mass is expected to affect the
magnitude of platform vibration, it is likely that intersubject
variability in posture, anthropometry, body mass distributions,
and possibly other physical characteristics of the human
body not measured in this study contributed to the observed
intersubject differences in platform vibration magnitude.

We found that the vibration stimulus in both VV and RV
exceeded ISO 2631-1 health guidelines; however, because
subjects experienced WBVT during standing rather than
sitting, these values are overestimates of the true vibration
dose values to which the upper body was exposed. To
account for posture, we calculated eVDV for RV and VV
for FST values between 0.05 and 1.10. This range was
chosen on the basis of what others have reported (19). We
relied on the literature because we were unable to accurately
quantify spine acceleration, because of the invasive nature
of this measurement. Rubin et al. (19) measured FST by
surgically implanting pins into the greater trochanter and
into the spinous process of the L4 vertebrae of five human
subjects. They report that FST at 30-Hz VV was approx-
imately 0.70 with knees locked and approximately 0.60
with 20- knee flexion. In the present study, VV was
associated with a lower vibration total value than RV;
however, our findings suggest that VV had a higher FST
and, therefore, a higher eVDV.

After adjustment for the ameliorating effect of the legs,
the ISO health guidelines_ upper limit for eVDV was still
exceeded during 10 min of RVor VV when FSTwas greater
than 0.10. This evaluation of WBVT according to ISO
2631-1 represents the first quantification of the potential for
regular WBVT protocols to cause harm, and it demonstrates
the need for caution and prescreening when using WBVT
for the intended improvement of health or performance. ISO
health guidelines on WBV exposure were developed to
assess the chronic exposure of healthy individuals to
vibration on a daily basis. Thus, this comparison may not
be useful for assessing the adverse health effects from
infrequent WBVT. Furthermore, biodynamic responses to
WBV are likely to change as subjects become fatigued; this
was not measured in the present study because the protocol
was designed to minimize subjects_ vibration exposure. For
the purposes of comparison between vibration directions,
fatigue was also minimized by exposing subjects to short
durations, and any possible confounding fatigue effect was
controlled for by balancing the order in which subjects
experienced each vibration direction.

This study investigated vibration exposure and biody-
namic responses only at 4-mmp-p amplitude and 30-Hz

FIGURE 5—Estimated vibration dose value (eVDV) with respect to
daily exposure duration and foot-to-spine transmissibility for vertical
vibration. The upper limit of the ISO 2631-1 health caution zone is
eVDV = 17.
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frequency, and these results cannot be assumed to general-
ize to other frequencies and amplitudes. Both platforms
can be operated at different frequencies (RV: 5–30 Hz; VV:
30–50 Hz) and at different vibration amplitudes (RV: 1–14
mmp-p; VV: 2 or 4 mmp-p). Although we have found that
RV may pose less health risk than VVat 30 Hz and 4 mmp-p,
it is possible that RV may pose the greater health risk when
the feet are positioned further from the axis or rotation,
which would result in vibration amplitudes of up to
14 mmp-p. Future research in the area of WBVT should
attempt to develop a new standard for the assessment of the
adverse health effects associated with intermittent use of
WBVT as a treatment or rehabilitation modality.

In summary, the least hazardous WBVT protocols are
theoretically those involving low mechanical impedance,

low head acceleration, and low eVDV, although such
conditions are not necessarily the most effective in terms of
inducing the desired training outcome. Our key finding was
that short-duration exposures to rotational vibration at small
knee flexion angles (26–30-) have the lowest risk of negative
side effects on the basis of head acceleration and mechanical
impedance. WBVT health risk cannot be accurately calcu-
lated using ISO health standards, because of the intermittent
nature of WBVT as a treatment modality. More research is
needed to develop a new method of assessing negative side
effects when the WBV is intermittent.

This project was funded in part by the National Space
Biomedical Research Institute (NCC 9-58) Summer Internship
Program.
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Medical Vibration Therapy in Osteopenic 
patients with Galileo900/2000
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Probably due to lack of standardization, there is no consistency regarding the effect of whole body 
vibration (WBV) on bone mass. We invited 37 consecutive patients with osteopenia (t � -1,0) to 
enter a study on the effects, efficacy and safety of WBV once a week (32 Hz. during 9 minutes).
35 patients completed the study. The increase in BMD of the femoral neck was about 4% in two 
years and the increase of the BMD of the lumbar spine was about 2.5% in two years. One half of 
the patients were suppleted with calcium and vitamin D; this suppletion had no extra effect on 
BMD. The acceptance for WBV was sufficient (compliance 90% and was without any adverse 
events).
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"Whole body vibration" training in sports and rehabilitation; the scientifical status quo 

 

On 30 october 2004 the Catholic University of Leuven (Belgium) organized a symposium with the title (translated) "Whole Body Vibration" 
training in sports and rehabilitation; the scientifical status quo. After a preface the effects of the Leuven studies were presented. The principles, 
possibilities, and effects of other systems, like the Galileo, have not been reviewed.  

Below is a first abstract, with comparance to Galileo studies. Why comparing with the Galileo ? The Galileo was the first "Whole Body Vibration" 
training and rehabilitation machine in the market. The world patented tilting principle, frequency settings (from 5 up to 30 Hz), and variable 
amplitudes (from 0 up to over 13 mm) of the Galileo offer possibilities and have training and therapeutical applications and effects that differ 
essentially from what are called the "vertical vibration plates". This vertical principle, firstly brought into the market under the name "Nemes", 
has become famous under the branche name "Powerplate". The "Powerplate" works with another movement and stimulation principle, other 
frequencies (30, 35, 40 and 50 Hz), and less variable amplitude (2 or 4 mm*). It is interesting to know for what reasons people have decided to 
produce this vertical vibrating machine with another principle, and wether or not this new system will offer the same possibilities and effects 
compared to the Galileo tilting principle. 

* published scientific articles show that the amplitudes noted by the manufacturer are not correct. 
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The effect of Galileo training versus Powerplate training on sport performance 

 

In short: several long term studies exist where the effects of WBV training application into a sports program on sports specific and functional 
performances, like jump height, 30 meter sprint time, and time of a slalom run are studied. Applicating Powerplate training in a sports program 
did not induce better results. After Galileo application significant improvements are found for sports specific performances.  

Study University Leuven, Belgium (PowerPlate) Study University Marburg, Germany (Galileo) 
   

- competitive track sprinters (athletics, Belgie) 

- WBV inserted into the training  

  

- frequency 35-40 Hz 

- 6 weeks, 3 x per week 

- No change in performance after 6 weeks. No difference compared to 
control group (training without PP). Measured are isometric, dynamic 
force during knee extension and flexion, movement speed of knee 
extension, counter movement jump, starting time, starting speed, 
accelleration in 40m sprint. 

(presented during symposium 31 october 2004, univ. Leuven)  

   

- first division Rugby players (Germany) 

- WBV group: 5 x 3 minutes x slow squat on Galileo with extra weight 
(progressive from 30 up to 70% 1RM in different sessions), pause = 2 
minutes /// Control group 5 x 12 Reps explosive power squat x 70% 
1RM, pause = 2 minutes 

- frequency 20 Hz  

- 6 weeks, 3 x per week 

- Maximal force (1RM) in both groups up approx. 10%. Significant 
bigger improvement in WBV group compared to control group in 30m 
sprint, counter movement jump and slalom run.  

(published in "Leistungssport" no. 4, 2003)  
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                           CONCLUSIONS:                                                                                       POWERPLATE          versus           GALILEO 

> PP within program did not alter performance                                                                               no change                   vs       improved                   
   Galileo within program improved performance significantly  

> used frequency in Powerplate study versus frequency in Galileo study:                                         35-40 Hz                     vs                   20 Hz   

> Programs equal in length (6 weeks) and occurrence (3 x per week).  

   

                           Other long term effect-studies (Harbrecht, 2002):   

> Harbrecht studied the effects of implementing Galileo training within Volleybal training (Olympic Center Berlin, youth teams 19-20 years old)  

> The last 3 year groups are compared (because of publication not all data were shown). The Galileo training was implemented by 5 to 10 minutes x 
3 times per week. Weights for weight training dropped from 50-70 kg to 20 kg.  

> mean length and weight of the different groups were comparable (Control - Control - WBV group: 184 - 182 - 183 cm / weight: 72 - 69 - 71 kg).  

> Results after 24 weeks:  

- jump height increased 4 to 11 cm in WBV group  

- jump height was 4 to 8 cm more compared to control groups  

- athletes had less physical complaints and were able to play faster and more stabil, and were better coordinated. They also were able to 
play at high       level for a longer time.  
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Galileo training is more effective compared to Powerplate in lowering Osteoporosis  
 

In short: 9 studies are known in which the effects of WBV on bone quality are compared in people. 6 of those studies are done with a Galileo. Well 
comparable studies are the Leuven study (Powerplate) and the Rotterdam Research Center study (Galileo). A much shorter Galileo program lead to 
more improvement in hip bone density compared to PP program. In the lumbal area the Galileo training was the only one to improve bone density. 

 

Study University Leuven, Belgium (PowerPlate) Study Rotterdam Research Center, Netherlands (Galileo) 
   

- postmenopausal women 

- 24 weeks, 3 x per week 

- progressive build-up of program, up to 30 minutes training time. 

- frequency build-up from 35 to 40 Hz 

RESULTS after 6 months: 

- bone density HIP + 0,93% 

- bone density LUMBAL no significant change 

- no change in markers of bone remodeling in serum 

   

- postmenopausal women 

- 6 months, 1 x per week 

- fixed program, 12 minutes total training time 

- frequency fixed 16 Hz 

RESULTS after                       6 months     -  12 months    -  24 months   

- bone density HIP                      + 1,7%   -        + 3,3%   -      + 3,6% 

- bone density LUMBAL            + 1,0%   -        + 1,8%   -      + 2,1% 

- bone markers                    not measured -        + 6,0%   -      + 8,2% 
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                                        CONCLUSIONS:                                                               POWERPLATE          versus           GALILEO 

> the PowerPlate program was much more extensive compared to Galileo:               90 minutes per week           vs        12 minutes per week 

> the frequency used in the Powerplate study was much higher compared to Galileo:          35-40 Hz                     vs                   16 Hz  

> Effects on bone density HIP:                                                                                          + 0,93%                     vs                   + 1,7% 

> Effects on bone density LUMBAL:                                                                               no change                   vs                   + 1,0% 
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Galileo training versus PowerPlate training in lowering Low Back Pain 

In short: a shorter Galileo program lead to a bigger lowering in LBP compared to the Powerplate program. Balance did not improve in PP 
training and was even worse in the healthy group. After Galileo training balance improves significantly (15,7% after 1 session, Torvinen 2002). 
Galileo training did not induce problems in the training group, in the PP group one person had to quit because of severe complaints in the neck 
region (according to the researchers plausible as a consequence of PP training). 

 

Study University Leuven, Belgium (PowerPlate) Study University Berlin, Germany (Galileo) 
   

- 6 weeks, 2 x per week  

- WBV group build-up to 30 minutes, 14 exercises  
   

- frequency build-up from 35 to 40 Hz  
   

- pain decreased from about 1,4 to 0,9* (VAS score, O-10)  
* scores deduced from graphics   

- force in hamstrings and quadriceps muscles do not change, back muscle 
endurance increased.  

NOTE:  

   

- 6 weeks 2 x per week, thereafter 6 weeks 1 x per week 

- control group Lumbar extension, WBV group Galileo training build-up 
4 to 7 minutes. 

- frequency 18 Hz, amplitude 6 mm (1e 3 sessions build-up), in the 
proceeding of the training up to 5 kg extra weight was added. 

- pain decreased comparable in both groups (after 6 weeks VAS score 
went from 4 to 2). 

- Lumbal extension force improved in both groups 
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> 1 fall out because of severe neck complaints  

> no improvement in postural balance, lowering of balance in healthy 
group  

  

 

  

> previous studies with the Galileo (Torvinen 2002) show an 
improvement in balance after Galileo training (and no improvement 
in balance after training on a vertical vibrating plate) 

  
   

                                        CONCLUSIONS:                                                                 POWERPLATE          versus           GALILEO 

> the PP program was much more extensive compared to Galileo, up to                               30 minutes                   vs                7 minutes 

> The frequency used in the Powerplate study was much higher compared to Galileo              35-40 Hz                     vs                   18 Hz  

> The decrease in pain in the Powerplate study is much lower compared to Galileo                35% lowering             vs                50% lowering 
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The University of Leuven symposium;  

Surely not an overview of the scientific status quo in Whole Body Vibration training 

Is the public mislead deliberately or undeliberately ? 
 

Much has to be investigated in order to elucidate scientific knowledge and development in Whole Body Vibration as a training or rehabilitation tool. 
More than 130 studies - of which half published - are known. Comparing studies is hard because of differing protocols, statistics, and populations. 
In dispite, some comparable effects can be deduced. Over 40 universities and even more training and therapeutical research centers concentrate on 
the subject. For optimal development of knowledge it is crucial that knowledge is brought in the open, and scientists study other studies. This way 
new studies can be started more intelligently and thus more effectively.  

During the symposium in Leuven it appeared that the researchers were not interested in elaborating on other studies and principles than their own. 
All research  objectives the university of Leuven has focussed on have been performed by other researchers, and their publications can easily be 
found. During the presentations it was not allowed for those who do know all of these studies to ask questions - although there was room for 
questions after every presentation - because according to the presenters this was disturbing the vision of the public. Surely this was pittyful, because 
now the public was restraind of other essential information on the subjects and - worse - some errors could not be corrected. In a reaction the 
university noted that if others wanted to present their studies, they should organize their own symposium. This seems strange for a symposium with 
the title: "a scientific status quo of Whole Body Vibration".  

In the pause the public - mostly people interested in buying a WBV machine - was able to try the 'new' Powerplate. This is strange because the 
studies were mostly performed on the 'old' Powerplate, that now is sold under another branche name. Stranger was the fact that it was not allowed to 
present and try out other principles like the Galileo.  
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ABSTRACT

ABERCROMBY, A. F. J., W. E. AMONETTE, C. S. LAYNE, B. K. MCFARLIN, M. R. HINMAN, and W. H. PALOSKI. Variation in

Neuromuscular Responses during Acute Whole-Body Vibration Exercise. Med. Sci. Sports Exerc., Vol. 39, No. 9, pp. 1642–1650,

2007. Purpose: Leg muscle strength and power are increased after whole-body vibration (WBV) exercise. These effects may result

from increased neuromuscular activation during WBV; however, previous studies of neuromuscular responses during WBV have not

accounted for motion artifact. Methods: Sixteen healthy adults performed a series of static and dynamic unloaded squats with and

without two different directions of WBV (rotational vibration, RV; and vertical vibration, VV; 30 Hz; 4 mmp–p). Activation of unilateral

vastus lateralis, biceps femoris, gastrocnemius, and tibialis anterior was recorded using EMG. During RV and VV, increases in EMG

relative to baseline were compared over a range of knee angles, contraction types (concentric, eccentric, isometric), and squatting types

(static, dynamic). Results: After removing large, vibration-induced artifacts from EMG data using digital band-stop filters,

neuromuscular activation of all four muscles increased significantly (P e 0.05) during RV and VV. Average responses of the extensors

were significantly greater during RV than VV, whereas responses of the tibialis anterior were significantly greater during VV than RV.

For all four muscles, responses during static squatting were greater than or equal to responses during dynamic squatting, whereas

responses during eccentric contractions were equal to or smaller than responses during concentric and isometric contractions.

Neuromuscular responses of vastus lateralis, gastrocnemius, and tibialis anterior were affected by knee angle, with greatest responses at

small knee angles. Conclusions: Motion artifacts should be removed from EMG data collected during WBV. We propose that

neuromuscular responses during WBV may be modulated by leg muscle cocontraction as a postural control strategy and/or muscle

tuning by the CNS intended to minimize soft-tissue vibration. Key Words: ELECTROMYOGRAPHY, POSTURE, STRENGTH,

DAMPING, REFLEX

Whole-body vibration exercise (WBV) may en-
hance muscle strength adaptations associated
with traditional neuromuscular training or reha-

bilitation (7,21). The potentially beneficial effects of WBV
are caused by the transmission of mechanical, sinusoidal
vibrations throughout the body via the feet. Isometric leg
extensor strength has been reported to increase by 3.2% at
2 min after a single 4-min WBV session, returning to
baseline strength levels 60 min later (23). Chronic exposure
to WBV (three sessions per week, for 2–6 months) has
been reported to elicit increases in isometric (16.6%,

24.4%) and isokinetic (8.3%, 9.0% at 100 = Isj1) knee
extensor strength similar to those observed after moderate-
intensity resistance training programs (dynamic leg-press

j1) of the
same duration and frequency (12,19).

Others have speculated that increased muscle strength

activation during WBV, which subsequently induces adap-
tations similar to resistance training (1,4,5,12). Specifically,
it has been suggested that Ia-afferent–mediated myotatic
reflex contractions may partially explain the increases in leg
extensor strength after WBV (12,18,21). Applying a
vibration stimulus directly to a muscle or muscle tendon
stimulates Ia-afferents, inducing a myotatic reflex contrac-
tion referred to as the tonic vibration reflex (TVR)
(6,14,20). Measurement of TVR and neuromuscular activa-
tion is complicated by the common presence of artifacts in
EMG data, which result from electrode/cable motion and
nearby electrical noise. It is not known whether WBVelicits
TVR; however, if neuromuscular responses to WBV are
modulated by Ia-afferents, then the magnitude of muscle
activation during WBV should be influenced by Ia-afferent
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and power after WBV results from increased neuromuscular
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sensitivity. Changes in relaxed muscle length alter intrafusal
fiber tension and, thus, Ia-afferent sensitivity, such that
tension increases in a lengthening muscle and decreases in a
shortening muscle (15,17,27). The amount of muscle
stretch and, thus, the amount of Ia-afferent stimulation,
induced during each cycle of vibration may also increase as
knee angle increases (2). We hypothesized that the changes
in muscle length voluntarily induced during dynamic
squatting would alter intrafusal fiber tension and Ia
sensitivity such that responses to WBV would be greater
in magnitude during eccentric contractions than during
isometric and concentric contractions. We also hypothesized
that greater knee joint compliance at larger knee angles
would result in greater transient muscle stretch during each
vibration cycle, and that the increased Ia-afferent stimula-
tion would result in greater responses at larger knee angles.

A novel aspect of the present study is that we included a
filtering procedure to remove vibration artifacts from within
our EMG data to prevent misinterpretation of neuromus-
cular responses to WBV. A second unique aspect of the
present study is that we examined a number of different
parameters in an effort to identify optimal conditions, which
maximize neuromuscular responses to WBV. We hypothe-
sized that, for the vastus lateralis, biceps femoris, gastroc-
nemius, and tibialis anterior muscles, 1) neuromuscular
activation (EMGrms) would increase significantly during
two different directions of WBV; 2) EMGrms enhancement
during two different directions of WBV would differ
significantly among isometric, concentric, and eccentric
muscle contraction types, with responses being greatest
during eccentric contractions and smallest during concentric
contractions; 3) EMGrms enhancement during two different
directions of WBV would differ significantly during static
and dynamic squatting exercises; 4) EMGrms enhancement
during two different directions of WBV would increase
significantly with increases in knee angle; and 5) vibration
direction would not significantly affect the responses to
WBV in hypotheses 1–4. The purpose of this study was to
quantify the effects of postural variation and vibration
direction on neuromuscular responses to WBV after
removing EMG artifacts by digital filtering.

METHODS

Approach to the problem and experimental
design. A single-group repeated-measures study design
was employed in which the neuromuscular activation
(EMGrms) of four leg muscles were the dependent
variables. The independent variables were vibration (WBV
vs baseline), contraction type (eccentric vs concentric vs
isometric), knee angle (10–15, 16–20, 21–25, 26–30, and
31–35-), and vibration direction (rotational vibration, RV;
and vertical vibration, VV). The study design was fully
crossed, with the exception of the isometric contraction
conditions, which were performed only at knee angles of
approximately 16–20- during WBVand baseline conditions.

For analysis purposes, exercise type (static vs dynamic
squatting) was also included as an independent variable; for
each vibration direction during baseline and vibration
conditions, responses during dynamic squatting were
calculated as the average responses during eccentric and
concentric contractions at all knee angles, whereas responses
during static squatting were identical to those during the
isometric condition.

Subjects and study design. Nine male (32.7 T 7.0 yr;
177.8 T 2.8 cm; 85.8 T 7.9 kg) and seven female (32.7 T 8.3 yr;
164.7 T 7.8 cm; 67.2 T 11.3 kg) subjects were recruited
through the NASA–Johnson Space Center human test
subject facility. All subjects passed an Air Force Class III
physical and were screened for contraindications to WBV
exposure. Exclusion criteria included a history of back pain,
acute inflammations in the pelvis and/or lower extremity,
acute thrombosis, bone tumors, fresh fracture, fresh implants,
gallstones, kidney or bladder stones, any disease of the spine,
peripheral vascular disease, or pregnancy. Written informed
consent was obtained for each subject, and all procedures
were approved by the institutional review boards at NASA–
Johnson Space Center and at the University of Houston.

Vibration conditions. Subjects were exposed to WBV
at 30 Hz and 4-mm peak-to-peak (4-mmp–p) amplitude using
a Power Plate (Power Plate North America LLC, Culver
City, CA) and a prototype Galileo 2000 (Orthometrix, Inc.,
White Plains, NY) WBV platform. The Power Plate plat-
form (VV) vibrates in a predominantly vertical direction with
4-mmp–p amplitude. The Galileo 2000 (RV) rotates about an
anteroposterior horizontal axis such that positioning the feet
farther from the axis of rotation results in larger-amplitude
vibration. In addition to the mediolateral component of the
vibration force, RV also differs from VV because of the
asynchronous nature of the RV, whereby unilateral force is
applied alternately to the left and right foot. The result is an
asymmetric perturbation of the legs during RV exposure.
Conversely, the VV platform translates vertically under both
feet at the same time, which results in simultaneous and
symmetrical movement of both sides of the body during VV
exposure. In this study, VV was applied with 4-mmp–p

amplitude at 30 Hz with the subjects` feet 20.6 cm apart.
During RV at 30 Hz, subjects` feet were in the anatomical
position, 10.3 cm from the axis of rotation corresponding to
vibration amplitude of 4-mmp–p and a distance of 20.6 cm
between left and right feet. The appropriate toe and heel
positions were marked on each platform to ensure consis-
tency of foot position and orientation between platforms and
among trials. During testing sessions, subjects wore the same
type of sports socks to standardize any damping of vibration
attributable to footwear. Subjects did not wear shoes during
testing. To minimize unwanted foot movement during
vibration, fine-grade sandpaper with adhesive backing was
attached to the vibration platforms, which improved traction
between the subjects` socks and the platform.

Postural conditions. After instrumentation, a test
operator demonstrated the slow dynamic squatting movement
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and the static squatting posture to be performed with and
without vibration during the testing protocol. A) Dynamic
squat: starting from an upright posture with approximately
5- knee flexion, subjects slowly squatted until approxi-
mately 40- of knee flexion was achieved. After holding the
40- knee flexion posture for 2 s, subjects slowly returned to
the starting posture. To control the angular velocity of the
flexion and extension movements, a test operator used a
metronome at 60 bpm concurrently with verbal commands,
such that both the flexion and extension phases of
movement each lasted 4 s with a 2-s pause between phases.
The limited range of knee flexion angles was chosen to
allow unsupported squatting during WBV without inducing
loss of stability. B) Static squat: subjects stood with an
upright posture while maintaining 20- knee flexion. A test
operator instructed subjects on achieving 20- knee flexion.
Subsequent analysis of kinematic data indicated that the
average knee angle actually achieved during the static con-
dition was 18.5 T 3.0-.

Before commencing data collection, test operators
instructed subjects on the appropriate foot placement on
each platform as described above. Subjects were given the
following instructions to be followed during all data-
collection trials: stand with head and eyes forward; stand
with equal weight on each foot; stand with weight
distributed over the whole of each foot; stand with arms
outstretched with palms facing down; and do not touch the
handrail during data collection unless support is required.

The squat movement and postural instructions were
practiced with and without vibration before data collection,
until a consistently smooth movement was achieved. During
this process, subjects were exposed to more no than
approximately 30 s of each vibration condition before data
collection. All conditions were performed twice, and the
average EMG and acceleration values were calculated for each
condition. Trials were repeated if subjects touched the handrail
or if their feet moved noticeably from the required positions.

Baseline (nonvibration; BL) trials preceded each vibra-
tion trial. The order in which the vibration platforms were
presented and the order of static and dynamic trials were
balanced among all subjects to control for any possible
confounding effects of muscular fatigue or adaptation to
the WBV.

Safety and fatigue. In consideration of the possible
effects of fatigue, the duration of each trial was limited to
no longer than 15 s in length, with a cumulative WBV
exposure for each subject of less than 3 min during a 90-
min protocol. Each vibration trial was separated by at least
1 min. Throughout the testing protocol, subjects were asked
to rate their perceived exertion using Borg`s 20-point rating
of perceived exertion scale (3). No subjects reported
exertion as being somewhat hard (13 on the 6–20 scale)
or greater. During and after the testing protocol, subjects
were instructed to report any discomfort to the test operators
or the responsible physician at the human test subject
facility. During testing, one subject experienced itchiness in

both feet because of mild erythema. Symptoms were
relieved quickly after the subject walked around the
laboratory, and no other adverse effects were reported
during or after testing. After symptoms resolved, the
protocol continued without incident, and the subject`s data
were included in the analysis.

Knee flexion angles. Unilateral position data from the
lateral malleolus, fibular head, and greater trochanter were
recorded using an optoelectronic motion-analysis system
(Optotrak 3020, Northern Digital, Inc., Waterloo, Canada).
Position data were sampled at 400 Hz using NDI Toolbench
software. The Optotrak camera unit was positioned to view
subjects in the sagittal plane. Knee angles were calculated
using the angle between ankle, knee, and hip kinematic
markers in the saggital plane. Small oscillations in
calculated knee angles during each vibration cycle were
not interpreted because of the potentially confounding effect
of vibration of the soft tissues to which position markers
were attached. Data from all trials were visually inspected.
Because some subjects did not squat to fully 40-, only data
from knee angles between 10- and 35- were analyzed. All
data from static (18.5-) trials were analyzed. In the
subsequent interpretation of results, knee-ankle flexion was
interpreted as eccentric contraction of the vastus lateralis and
gastrocnemius and concentric contraction of biceps femoris
and tibialis anterior, whereas knee-ankle extension was
associated with concentric contraction of the vastus lateralis
and gastrocnemius and eccentric contraction of the biceps
femoris and tibialis anterior. Muscle contractions were
considered isometric during the static squatting condition.

Neuromuscular activation. Surface EMG was
recorded from vastus lateralis, lateral biceps femoris, lateral
gastrocnemius, and tibialis anterior in all 16 subjects during
all conditions. Bipolar bar electrodes (99.9% Ag, 10-mm
length � 1-mm width, 10-mm spacing; CMRR: 9 80 dB;
model DE2.1, DelSys, Inc., Boston, MA) were applied to
lightly abraded, washed skin over the respective muscle
belly, parallel to the pennation angle. A ground electrode
was placed over the tibial tuberosity. EMG electrodes and
cables were secured to subjects` skin with medical tape.
Signals were amplified (1000�), filtered (20–450 Hz band
pass; Bagnoli-8, DelSys, Inc., Boston, MA), and sampled at
2000 Hz synchronously with kinematic data, using a 16-bit
Optotrak Data Acquisition Unit II and NDI Toolbench
software (Northern Digital, Inc., Waterloo, Canada).

Data processing was performed using MATLAB version
7.0 (The Mathworks, Inc., Natick, MA). Spectral analysis
of EMG data was performed by dividing each signal into
overlapping segments, which were then windowed using a
1024-sample Hanning window. Short-term frequency con-
tent of each segment was computed using a 4096-sample
fast Fourier transform (FFT) with sections overlapping by
1000 samples. Inspection of resulting spectrograms from
each muscle indicated the presence of significant motion
artifacts not only at the fundamental excitation frequency
(30 Hz) but also, to a lesser degree, at integer multiples of
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the excitation frequency. The excessive EMG signal power
at these frequencies is attributable to vibration of the EMG
electrodes and cables at the excitation frequency and at the
associated harmonic frequencies. When the signal power at
each frequency was averaged across an entire trial, it was
evident that the magnitude of the signal at the excitation and
harmonic frequencies greatly exceeded the signal power at
all other frequencies (Fig. 1).

Digital band-stop filters were implemented to eliminate
motion artifacts at the exact excitation frequency of each
platform and also at integer multiples of the excitation
frequencies up to 450 Hz, to ensure that all motion artifacts
were removed from the EMG signals. Filters were applied
to EMG data from all baseline and vibration conditions
using direct–form II second-order sections implementation:
for N = 1:15, band-stop filters were applied at Nfv, where fv
is the fundamental vibration frequency; 17th-order Cheby-
shev type II; stop-band = (Nfv) T 1 Hz; fpass1 = (Nfv) j 1.5
Hz, fpass2 = (Nfv) + 1.5 Hz; minimum 100-dB stop-band
attenuation, maximum 0.01-dB pass-band ripple. In addi-
tion to the antialiasing filter, a digital band-pass filter was
implemented: 20–450 Hz band-pass; 18th-order Cheby-
shev type II; fstop1 = 17 Hz, fstop2 = 500 Hz; minimum
60-dB stop-band attenuation; maximum 0.01-dB pass-
band ripple.

Motion artifacts caused by harmonic vibration at 60 Hz
(at 2fv) would coincide with any line interference that may
have arisen from nearby electrical equipment and power
lines. Comparison of the frequency content of EMG data
before and after the filtering procedure indicated that
artifacts were successfully removed from EMG signals
without excessive loss of overall signal power (Fig. 1).

After filtering, bias was calculated and removed from
each EMG signal, after which the data were rectified and

the root mean square (EMGrms) was calculated in 100-ms
windows around every data point. For each subject,
EMGrms of each muscle was then calculated for all levels
of the independent variables, thereby quantifying neuro-
muscular activation under all conditions. Because EMGrms
values were being compared with equivalent baseline (no
vibration) squatting conditions, normalization relative to
maximal voluntary contractions was unnecessary.

Statistical analysis. The dependent variables in all
statistical tests were EMGrms, measured from vastus
lateralis, biceps femoris, gastrocnemius, and tibialis anterior.
Before statistical analyses, data were examined (probability–
probability plot) to evaluate the assumption of normality. A
fourth-root transformation was applied to data to decrease
skewedness and kurtosis. To correct for violations of the
sphericity assumption as indicated by Mauchly`s test, the
Huynh–Feldt correction was used to adjust the degrees of
freedom in the repeated-measures ANOVA. For the tests of
hypotheses 1–4, repeated-measures ANOVA were used to
test the effects of interest within each vibration direction. In
all tests, the vibration main effect and its interactions were
evaluated to test the hypotheses, because enhancement of
EMGrms above baseline levels was of interest; absolute
EMGrms values were not compared among different
conditions. The statistical significance of differences in the
effects between vibration directions (hypothesis 5) was
tested using interactions in repeated-measures ANOVA in
which vibration direction (D) was included as a factor.

The average knee angle during isometric conditions was
18.5 T 3.0-. Therefore, to evaluate the effect of contraction
type independently of knee angle, only EMGrms data from
eccentric and concentric conditions between 16 and 20-were
used in the comparison with the isometric conditions. A 2 �
3 � 2 repeated-measures ANOVA was calculated for each
muscle, with vibration (VB), contraction type (CT), and
vibration direction (D) as factors with repeated measures.
The VB � CT � D interaction was used to evaluate
whether the effects of contraction type on neuromuscular
responses differed between vibration directions (hypothesis
5). Separate 2 � 3 (VB � CT) repeated-measures ANOVA
were used to evaluate the effect of contraction type (VB �
CT interaction; hypothesis 2) within each vibration direc-
tion. Paired t-tests were used to compare the mean differ-
ences between baseline and vibration neuromuscular
activation for eccentric, concentric, and isometric conditions
during each vibration direction for descriptive purposes.

When comparing the average neuromuscular responses
between static and dynamic exercise types (ET; hypothesis
3), data from eccentric and concentric conditions at all knee
angles (dynamic squatting) were averaged and compared
with data from isometric conditions (static squatting) using
2 � 2 (VB � ET) repeated-measures ANOVA for each
vibration direction. Because data from all knee-angle and
contraction-type conditions were included, the vibration
main effects from the VB � ET repeated-measures ANOVA
were used to evaluate whether neuromuscular activation

FIGURE 1—Typical mean frequency content of vastus lateralis EMG
signal during a VV condition before and after removal of artifacts by
filtering with Chebyshev type II band-stop filters. Motion artifacts are
apparent in unfiltered data at the excitation frequency (30 Hz) and at
the associated harmonic frequencies.
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was increased, on average, during WBV on each vibration
platform (hypothesis 1). Three-way (VB � ET � D)
repeated-measures ANOVAwere used to determine whether
the effects of vibration and exercise type differed between
the two vibration directions (VB � D and VB � ET � D
interactions; hypothesis 5).

The role of knee angle (KA) in neuromuscular responses
to each vibration direction (hypothesis 4) was assessed
using 2 � 5 (VB � KA) repeated-measures ANOVA, using
only data from dynamic conditions (10–35-). The VB �
KA � D interaction from separate repeated-measures
ANOVA compared the effect of knee angle between the
two vibration directions (hypothesis 5). After the two-way
repeated-measures ANOVA, polynomial contrasts were
used to evaluate trends in response variation with respect
to knee angle (hypothesis 4). Although not explicitly
required by our hypotheses, paired t-tests were used to
compare all baseline EMGrms values with the associated
EMGrms values measured during vibration, thereby en-
abling evaluation of neuromuscular responses at each knee
angle for all eccentric, concentric, and isometric conditions.

Initially, gender (G) was included as a between-subjects
factor in the repeated-measures ANOVA used to test the
hypotheses; however, the VB � G interaction and all
higher-order interactions involving VB and G were non-
significant for all muscles. Therefore, male and female data
were grouped for further analysis. In all tests, P e 0.05 was
considered significant. Statistical analysis was performed
using SPSS 13.0 for Windows (SPSS, Inc., Chicago, IL).
For descriptive purposes, percent increases between vibra-
tion and baseline conditions were calculated using untrans-
formed data.

RESULTS

Effect of vibration. When averaged over all knee
angles and contraction types, neuromuscular activation of
all four muscles increased significantly during RV and
during VV. The average magnitude of neuromuscular
responses differed significantly between the two vibration
directions in the vastus lateralis, gastrocnemius, and tibialis
anterior, such that average responses of the extensors (vastus
lateralis and gastrocnemius) were significantly greater during
RV than VV, whereas responses of the tibialis anterior were
significantly greater during VV than RV. The percentage
increases in untransformed EMGrms associated with the
significant VB main effects in all conditions are given in
Table 1.

Effect of exercise type. Neuromuscular responses of
all four muscles to both vibration directions were greater
during static squatting than during dynamic squatting, with
only two exceptions: there was no significant difference in
response magnitude between static and dynamic squat
conditions in the biceps femoris during RV or in the tibialis
anterior during VV. The effect of exercise type on responses
to vibration differed significantly between platforms in these

two muscles. The only muscle in which neuromuscular
responses were greater during VV than during RV was the
tibialis anterior, though only during dynamic squatting.
Dynamic and static responses were greater during RV than
VV in all other instances, with the exception of static
squatting responses in the biceps femoris and gastrocnemius,
which did not significantly differ between RV and VV.

Effect of contraction type. Neuromuscular responses
of all four muscles to both vibration directions were
significantly affected by contraction type, with only two ex-
ceptions: responses of the biceps femoris and gastrocnemius
were not significantly affected by contraction type during RV.
When knee angles were between 16 and 20-, neuromuscular
responses in isometrically contracting muscles were
significantly greater than responses in muscles that were
contracting eccentrically or concentrically. The only two
exceptions were the tibialis anterior during VVand the biceps
femoris during RV, where responses during concentric
contractions were greater than static and eccentric responses.
The vibration � contraction-type effect differed significantly
between platforms only in the vastus lateralis and the tibialis
anterior. The filtered untransformed EMGrms for each
muscle under all conditions including isometric contractions
are shown as means T standard error in Figures 2–5.

Effect of knee angle. Neuromuscular responses of the
vastus lateralis, gastrocnemius, tibialis anterior, but not
biceps femoris, were significantly affected by changes in
knee angle during both vibration directions. Significant
within-subjects linear contrasts confirmed that, contrary to
our hypothesis, the magnitude of neuromuscular responses
above baseline was greatest at small knee flexion angles for
vastus lateralis, gastrocnemius, and tibialis anterior, and that
response magnitudes decreased as knee angle increased.
Responses of the biceps femoris to either direction of
vibration were not significantly affected by changes in knee
angle. The effect of knee angle on neuromuscular response
magnitudes differed significantly between RVand VVonly in
the tibialis anterior, which reflects the noticeably different
responses of the tibialis anterior to RV and VV, particularly
when considered over the full range of concentric
contractions (Fig. 5). The asterisks in Figures 2–5 indicate
the specific conditions in which neuromuscular activation
was significantly increased above baseline.

TABLE 1. Percent increases above baseline EMGrms during rotational vibration (RV)
and vertical vibration (VV) for dynamic (eccentric and concentric combined, all knee
angles), static (isometric, 18.5 T 3.0- knee angle), eccentric (16–20- knee angle), and
concentric (16–20- knee angle) conditions.

Percent EMGrms Increase Above Baseline

Dynamic
Static

(Isometric) Eccentric Concentric

Muscle RV VV RV VV RV VV RV VV

Vastus lateralis 26 NS 103 77 26 30 26 NS
Biceps femoris 30 NS 10 9 NS NS 48 NS
Gastrocnemius 106 34 151 132 123 40 89 29
Tibialis anterior 57 145 328 223 50 28 63 261

NS, no statistically significant difference from baseline.
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DISCUSSION

To our knowledge, this is the first study to determine the
effects of static and dynamic squatting, muscle contraction
type (eccentric, concentric, isometric), vibration direction
(RV, VV), and motion artifact removal on measured
neuromuscular responses to WBV in the same group of
subjects. The key findings were that 1) motion artifacts
must be removed from EMG data collected during WBV at
the excitation frequency and also at the associated harmonic
frequencies; 2) neuromuscular activation (EMGrms) of
vastus lateralis, biceps femoris, gastrocnemius, and tibialis
anterior increased significantly during RV and VV; 3)
EMGrms enhancement during RV and VV differed signifi-
cantly among isometric, concentric, and eccentric muscle
contraction types, with most responses being greatest during
isometric contractions; 4) EMGrms enhancement during RV
and VV was significantly greater during static squatting than
during dynamic squatting exercises in most instances; 5)
EMGrms enhancement during RV and VV differed signifi-
cantly with changes in knee angle; and 6) vibration direction
significantly affected EMGrms enhancement during WBV.

Spectral analysis of our unfiltered data reveals large
EMG artifacts during WBV, which is contrary to reports in
the literature that anchoring of EMG cables and electrodes
will prevent motion artifacts (8). Despite securing EMG
electrodes and cables during data collection, the localized
peaks in signal power in unfiltered EMG data at 30 Hz and
integer multiples thereof (Fig. 1) indicates the presence of

motion artifacts caused by vibration of the EMG electrodes
and cables. Although the signal power at the excitation and
harmonic frequencies also reflect actual motor-unit firing, the
signal power of the true EMG signal is not expected to be
significantly greater at these frequencies compared with
adjacent frequencies, because the power at any given fre-
quency is a function of action potential–conduction velocity
and not motor unit–firing frequency. Thus, to the extent that
action potentials are being conducted within a muscle at the
velocities associated with the vibration and harmonic frequen-
cies, the application of band-stop filters will result in an
underestimation of the true magnitude of the neuromuscular
responses to WBV. However, if band-stop filters are not
applied, then motion artifacts will cause an overestimation of
muscle activation during WBV but not during baseline
conditions. The more conservative approach of applying
digital band-stop filters allows the assertion that increases in
EMG reflect true increases in neuromuscular activation.

We hypothesized that the changes in muscle length
voluntarily induced during dynamic squatting (16–20-)
would alter intrafusal fiber tension and Ia sensitivity such
that responses to WBV would be greater in magnitude
during eccentric contractions than during isometric and
concentric contractions. We also hypothesized that greater
knee joint compliance at larger knee angles would result in
greater transient muscle stretch during each vibration cycle,
and that the increased Ia-afferent stimulation would result in
greater responses at larger knee angles. Our data did not
support either hypothesis; responses were greatest during

FIGURE 2—Mean TTT SE of filtered, untransformed EMGrms for
eccentric, concentric, and isometric contractions of vastus lateralis
during RV and VV compared with no vibration (baseline). &
Concentric/eccentric baseline; ) concentric/eccentric vibration; r
isometric baseline; q isometric vibration. * Vibration significantly
greater than at baseline (P eeee 0.05).

FIGURE 3—Mean TTT SE of filtered, untransformed EMGrms for
eccentric, concentric, and isometric contractions of biceps femoris
during RV and VV compared with no vibration (baseline). &
Concentric/eccentric baseline; ) concentric/eccentric vibration; r
isometric baseline; q isometric vibration. * Vibration significantly
greater than at baseline (P eeee 0.05).
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isometric and concentric contractions, and responses
decreased as knee angle increased. It is possible that
alpha–gamma coactivation during voluntary muscle con-
tractions altered the relationship between muscle length and
intrafusal fiber-tension previously documented in relaxed
muscles. TVR response magnitudes in humans are affected
by simultaneous contraction of muscle groups elsewhere in
the body (28). It follows that variation in neuromuscular
responses during WBV may be the result of involuntary
TVR response magnitudes being modulated as the volun-
tary activation of muscles varies during the different phases
of squatting and different directions of vibration.

Leg extensor muscles (vastus lateralis and gastrocne-
mius) may be more affected than the flexors: the triceps
surae and quadriceps muscles are stretched as the upward
motion of the vibration platform imposes ankle dorsiflexion
and knee flexion. Because the feet are not attached to the
WBV platform, plantarflexion and knee extension are not
caused by the movement of the platform, and may result
from the elastic properties of muscle and from myotatic
muscle contractions in the triceps surae and quadriceps
muscles. All of these factors may contribute to a greater
enhancement of muscle activation in the vastus lateralis and
gastrocnemius compared with the biceps femoris and
tibialis anterior. Although the percent increases in EMGrms
indicate that, overall, the biceps femoris does indeed show
the least responsiveness to WBV, the tibialis anterior was, in
fact, the most responsive of the four muscles during both
directions of vibration.

Another possible explanation for the above finding is that
increased leg neuromuscular activation reflects a postural
control strategy that is adopted during WBV rather than
myotatic reflex contractions. Increased activation of tibialis
anterior in conjunction with deactivation of hamstrings
muscles has been previously reported as a postural control
response to rapid leg flexion (11); the findings of Carpenter
et al. (9,10) also support the concept of a systemic postural
control strategy rather than myotatic reflexive contractions
in each muscle. Our data show that neuromuscular responses
(vastus lateralis, gastrocnemius, and tibialis anterior) were
larger at small knee angles than at large knee angles. As
described above, it is possible that this effect may be mediated
by the presence of a postural control mechanism. We have
speculated elsewhere that small knee angles are associated
with a greater postural anxiety than are large knee angles (2).

Increased muscle activation during WBV may serve to
minimize the potentially damaging vibration of muscles and
other soft-tissues via muscle tuning (24–26). We have
previously reported that head acceleration during WBV
increases as knee angles increase above 30- (2). Increased
baseline muscle activation at large knee angles may affect
joint compliance and/or the capacity to damp vibrations via
muscle tuning. It has previously been reported that the
damping coefficient of elbow flexor muscles increases as
joint angular velocity increases (16). Thus, the extent of
neuromuscular activation required to damp vibrations
should be greatest during isometric contractions. This is
consistent with our observation that the magnitude of

FIGURE 4—Mean TTT SE of filtered, untransformed EMGrms for
eccentric, concentric, and isometric contractions of gastrocnemius
during RV and VV compared with no vibration (baseline). &
Concentric/eccentric baseline; ) concentric/eccentric vibration; r
isometric baseline; q isometric vibration. * Vibration significantly
greater than at baseline (P eeee 0.05).

FIGURE 5—Mean TTT SE of filtered, untransformed EMGrms for
eccentric, concentric, and isometric contractions of tibialis anterior
during RV and VV compared with no vibration (baseline). &
Concentric/eccentric baseline; ) concentric/eccentric vibration; r
isometric baseline; q isometric vibration. * Vibration significantly
greater than at baseline (P eeee 0.05).
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enhancement during isometric contractions was greater than
that during eccentric and concentric contractions (16–20-)
in all muscles and conditions except for biceps femoris
during RV and tibialis anterior during VV.

Because vibration energy is dissipated by the ankle and
knee joints and, possibly, by the muscles of the shank and
thigh, the proximity of a muscle to the vibration stimulus
might also affect the magnitude of muscle-tuning responses
to WBV; if the proportion of vibration energy transmitted to
soft-tissues is less in the thigh than in the shank, then a
lesser degree of muscle activation will be required to damp
the vibrations in the thigh. Our data indicate that the
responses of the distal muscles were indeed larger than
those for proximal muscles. This finding could also be a
result of a postural control mechanism in which distal
muscles are preferentially activated, as has been suggested
by Slijper et al. (22), who observed increased cocontraction
of distal muscles as a postural control mechanism employed
by the CNS under conditions of postural instability.

From the results of our study, we suggest that static (18.5 T
3.0- knee flexion) rather than dynamic (10–35- knee
flexion) squatting during WBV exercise will maximize
enhancement of leg extensor activation, and that, on average,
leg extensor responses to RV will exceed responses to VV.
Our data from dynamic squatting across a range of knee
angles indicate that enhancement of neuromuscular activa-
tion is generally greatest at small knee angles and decreases
as knee angle increases. Static squatting data were collected
only at 18.5 T 3.0-. Future research should compare neuro-
muscular responses to WBV between static and dynamic
squatting conditions at other knee angles, to determine the
optimal posture for neuromuscular enhancement during
vibration, and to determine whether static conditions result
in greater enhancement at a range of knee angles.

Our data show significantly different neuromuscular
responses to the two different vibration directions. We have
described tonic vibration reflex, postural control strategies,
and muscle tuning as potential mechanisms of neuromuscular
enhancement during WBV. These potential mechanisms are
not mutually exclusive. Compared with VV, the asymmetric
and nonvertical forces associated with RV may induce
different degrees of muscle stretch, postural challenge, and/
or tissue vibration in the leg muscles, each of which could

contribute to the different neuromuscular responses.
Although our study did not investigate performance changes
after RV and VV, it follows that differing acute neuro-
muscular responses between vibration directions may be
associated with differing chronic adaptations. Further studies
are required to compare the effectiveness of RV and VV in
eliciting performance improvements.

In all instances, neuromuscular responses were measured
relative to baseline levels where baselines were measured in
the same conditions, without vibration, immediately before the
vibration condition. Although some variability was expected
and observed between baseline conditions, Figure 2 shows
that baseline EMGrms of the biceps femoris before VV was
two to three times greater than the corresponding baseline
EMGrms before RV. We suggest that this unexpected
difference is attributable to a difference in the designs of
the RV and VV platforms. The baseline squats were
performed while standing on the respective vibration plat-
form with the vibration turned off. The RV platform did not
move perceptibly while subjects performed their baseline
squats. Conversely, the design of the VV platform meant that
some unmeasured but perceptible movement of the platform
occurred while subjects performed their baseline squats on
the platform. Although the magnitude of the VV platform
movement in baseline conditions was very small, it may have
been sufficient to elicit increased neuromuscular activation of
the biceps femoris during VV baseline conditions to correct
for displacements of the center of mass.

The findings of the present study support the further
investigation of mechanisms of neuromuscular responses to
WBV. Interestingly, we found that certain conditions
associated with WBV may result in the adoption of different
postural control strategies, which may, in turn, explain the
effects that have been attributed to WBV. More research is
needed to examine other mechanisms that may underlie the
physiological responses and adaptations to WBV, and how
these responses and adaptations may differ among people
with abnormal muscle tone and soft-tissue tightness. Future
studies of WBV should include controls for motion artifacts
as well as differences in postural control strategies.

This project was funded in part by the National Space Biomedical
Research Institute (NCC 9-58) Summer Internship Program.
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Introduction

Whole Body Vibration (WBV) has been recently intro-
duced to improve impaired biomechanical function of the
musculoskeletal system in adults1. The therapeutic principle
is based on the activation of proprioreceptive spinal circuits.
These reflexes can be induced by upright standing on a
vibrating platform (Figure 1). Because reflexes are related to
the time-differential activation of spindles in muscles and
tendons, the induction of the reflective muscular answer
depends on forces (acceleration of gravity x body mass) over
time applied to the muscular system by vibration. The fre-
quency of vibration characterizes the type of activated spinal
reflective answer. Therefore, lower frequencies decrease the
muscular tonus in contrast to higher frequencies increasing
the muscular tonus2. The application of vibrations increased

bone formation and the metabolism in skeletal muscles and
skin3,4. Interestingly, WBV is characterized to prevent the
loss of bone and muscle mass in immobilized adults.
Moreover, postmenopausal women might profit from WBV
regarding their muscular function. In detail, WBV improves
inter- and intramuscular co-ordination over induction of
high-frequent muscular contractions of agonists and antago-
nists in the neuromuscular system. This effect mainly
improves power in motor-impaired individuals. Ward et al.
applied high-frequent vibration therapy with low amplitude
to improve trabecular bone density in children affected with
neuromuscular diseases5. Negative side effects were not
reported after 6 months of intensive therapy. This positive
experience with vibration therapy raised the hope that vibra-
tion-therapy with individually configured applied impulses
on the neuromuscular system may improve the physical abil-
ity in motor-impaired children. The present study character-
izes the preliminary therapeutic effects of the Cologne
Standing-and-Walking-Trainer powered by Galileo (Figure 2)
on the mobility of children and adolescents affected with dis-
eases characterized by a disease-related sarcopenia due to
physical immobilization. Patients of the present report were
affected with osteogenesis imperfecta (OI), infantile cere-
bral palsy and Meningomyelocele (MMC).

J Musculoskelet Neuronal Interact 2007; 7(1):77-81

Preliminary results on the mobility after whole body
vibration in immobilized children and adolescents

O. Semler, O. Fricke, K. Vezyroglou, C. Stark, E. Schoenau

Children’s Hospital, University of Cologne, Cologne, Germany

Abstract

The present article is a preliminary report on the effect of Whole Body Vibration (WBV) on the mobility in long-term immo-
bilized children and adolescents. WBV was applied to 6 children and adolescents (diagnoses: osteogenesis imperfecta, N=4;
cerebral palsy, N=1; dysraphic defect of the lumbar spine, N=1) over a time period of 6 months. WBV was applied by a vibrat-
ing platform constructed on a tilt-table. The treatment effect was measured by alternations of the tilt-angle of the table and with
the "Brief assessment of motor function" (BAMF). All 6 individuals were characterized by an improved mobility, which was doc-
umented by an increased tilt-angle or an improved BAMF-score. The authors concluded WBV might be a promising approach
to improve mobility in severely motor-impaired children and adolescents. Therefore, the Cologne Standing-and-Walking-
Trainer powered by Galileo is a suitable therapeutic device to apply WBV in immobilized children and adolescents.

Keywords: Osteogenesis Imperfecta, Muscle-Bone-Unit, Whole Body Vibration, Cerebral Palsy, Physiotherapy

Hylonome

Drs. Semler and Schoenau receive financial support and training devices
from Novotec Medical. All other authors have no conflict of interest.

Corresponding author: Prof. Dr. med. Eckhard Schoenau, Children’s Hospital,
University of Cologne, Kerpenerstr. 62, 50931 Cologne, Germany
E-mail: eckhard.schoenau@uk-koeln.de

Accepted 16 August 2006

3rd Black Forest Forum
for Musculoskeletal Interactions,
May 4-7, 2006



O. Semler et al.: Mobility after whole body vibration

78

Subjects and methods

The study group comprised 6 long-term immobilized chil-
dren affected with OI (OI type III: N=2, OI type IV: N=2,
aged 5.3-10.7)6,7, infantile cerebral palsy (N=1) and a child with
a dysraphic defect of the middle and lower spinal cord (N=1).

The Galileo WBV-system is a platform constructed as a see-
saw with a rectangular axis to the individual’s body length. The
alternating platform elevates and lowers the right and left foot
mutually inducing musculo-spinal reflexes. Thereby, muscles
are activated on the side of the lowered foot and inhibited on
the opposite side. Interestingly, inhibition is emphasized by
lower frequencies in contrast to activation due to higher fre-
quencies. Therefore, the frequency of vibration determines if
WBV is characterized by tonus-increase or –decrease in skele-
tal muscles. Amplitude and frequency can be controlled in an
analogous way. Thus, these parameters can be individually con-
figured for the patient8. The Cologne Standing-and-Walking-
Trainer is a Galileo WBV-system, which is supplemented by a
tilt-table. The necessary force is described by F=(acceleration
of gravity x body mass) x sin (tilt-angle) to keep the body in an
upright position on the tilt-table. This force F is also a measure
to characterize the ability to stand in a more or less vertical
upright position. Mobility was characterized by a mobility score
(brief assessment of motor-function, BAMF)9.

The therapeutic program was conducted over a time peri-
od of 6 months. The patients and their parents were instruct-
ed in the use of the Cologne Standing-and-Walking-Trainer
powered by Galileo before the training equipment was
installed for 6 months at home. The program comprised 2
daily therapy sessions with 3 cycles each10. During the 6

month period of training, tilt-angle (10o-90o), frequency (15
Hz-22 Hz) and amplitude (0 mm-6 mm) were adapted in rela-
tion to the increase in the patient’s physical ability. Already
started therapies (e.g., drug administration such as bisphos-
phonates, physiotherapy) were continued during WBV.

Reports

Table 1 summarizes important parameters describing dis-
ease, diagnosis and treatment of 6 participants of the study.
Individuals affected with OI are characterized by BAMF-score.

Patient 1 (OI)

The five-year-old girl was affected with OI type III. The
disease was diagnosed prenatal because of ultrasonographi-
cally described malformations of the lower limbs. The infant
was primarily treated with intravenous administered bispho-
sphonates at the age of 5 months. This treatment reduced
skeletal pain, the frequency of fractures and increased the
bone mineral density (BMD Z-score=-2SD at the age of 4
years). The patient had been treated with intensive physical
therapy since birth. Surgical corrections of bone deformities
were not applied.

Status before WBV: The participant was supported in a sit-
ting position because of the decreased muscle force stabilizing
body trunk and hips. The girl was mobilized by a wheelchair.
The lower limbs were not functionally activated. Therefore
the surgeons refused surgical correction of the limbs.

Status after WBV: Muscle force and mobility increased
after 6 months of training with the Galileo system. The par-
ticipant was able to elevate her body to an upright sitting
position (+1 on the BMF-scale). Moreover, the force of the

Figure 1. Schematic illustration of the reflex-circuit activated by
WBV in a standing position.

Figure 2. The Cologne Standing-and-Walking-Trainer powered by
Galileo for immobilized children and adolescents with severe
motor-impairment.
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lower extremities was increased to achieve a final force of 42
N. The patient started to move her limbs more frequently.
Actually the surgeons are planning to correct the deformities
of both lower limbs with intramedullary telescopic rods.

Patient 2 (OI)

The eight-year-old girl was affected with OI type IV. She
was primarily treated with bisphoshonates at the age of 4
years. The girl was treated with physical therapy twice a week
due to her delayed motor development.

Status before WBV: The girl was supported for standing.
The elevation in an upright position was supported by her
upper limbs (Gower-sign).

Status after WBV: The muscle force and mobility increased
so that the girl stood without support and started walking
with minimal support (+2 BAMF). The force development
of the lower limbs increased to 109 N.

Patient 3 (OI)

The nine-year-old girl was affected with OI type III. The
disease was diagnosed postnatal. The lower limbs underwent
surgical stabilization with osteosynthesis because of multiple
fractures. The therapy with bisphosphonates was started at
the age of 6 years. Her mobility is limited to the use of a
wheelchair due to her physical inability to stand or walk.

Status before WBV: The girl was characterized by a sufficient
head control without the ability to sit for a longer time period.

Status after WBV: The patient achieved the physical abili-
ty to sit freely and to elevate the trunk into a sitting position
without any support (+1 BAMF). With the support of the
upper limbs the short time control of standing is possible.
One of her intramedullary rods had already perforated the
corticalis before starting the WBV. During the training peri-
od this rod caused temporary pain and the training was inter-
rupted. There was no need for a surgical intervention. The
girl increased the force to 106 N for the lower limbs.

Patient 4 (OI)

The patient was affected with OI type IV. The disease was
diagnosed postnatal due to the malformations of the extrem-
ities. Several surgical interventions were necessary at the
lower limbs because of those deformations. The lower
extremities were stabilized by orthesis. The right upper limb
was affected with a pseudarthrosis due to a fracture.

Status before WBV: The girl had the physical ability to walk
15 meters with support. Due to her muscular weakness, she
was dependent on orthopaedic shoes stabilizing her ankles
and she used a bandage to support her left knee. The sup-
port of walking by the upper limbs was limited by a
pseudarthrosis of the right arm.

Status after WBV: The support in walking could be
reduced and was only limited to support by an anterior walk-
er. The force of the lower limbs was increased to 226 N. It
was no longer necessary for her to support her joints by
external fixation and she could buy normal shoes for the first
time in her life.

Patient 5 (Infantile Cerebral Palsy, ICP)

The five-year-old girl was a former pre-term born infant
of the 30th gestational week who was affected with a spastic
cerebral palsy of the lower limbs. The girl was treated with
physical therapy since birth (therapy according to concepts
of Bobath and Vojta). The patient accomplished to stand
and walk some steps with support at the age of 3 years.

Status before WBV: The child had the physical ability to
walk 30 meters with support. She was using an anterior walk-
er or crutches with ground contact at 4 points (quadripods).
The Achilles tendon was shortened, but all other muscles and
tendons were not characterized by contractions. The muscular
system of the lower limbs was characterized by an increased
muscular tonus (spastic). It was planned to start therapy with
botulinum toxin to reduce the muscular tonus in her legs.

Exercising with WBV: The participant exercised 5 days a

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

Diagnosis OI III OI IV OI III OI IV ICP MMC

Sex F F F F F F

Height [cm] 68 86 80 108 115 150

Weight [kg] 8.5 15 13 29 22 49.5

Age at start of WBV 5 8 9 10 5 15

Perinatal Diagnosis Yes Yes Yes Yes No Yes

Hereditive Disposition No Yes No No No No

Time period of bisphos-phonate therapy [years] 4 4.5 4 4 No No

Osteosynthetic surgery No No Yes Yes No No

Constant physical therapy Yes Yes Yes No Yes Yes

Table 1. Characteristics of the entire study group.
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week for 6 months. Initially, WBV was applied at a tilt-angle
of 40o with 18 Hz over 3 minutes to decrease the muscular
tone. This episode was followed by 3 times 3 minutes WBV
with 13 Hz in an upright position. The knee joints were man-
ually supported to minimize a deviation of the lower limbs
from the vertical axis.

Status after WBV: Spastic was decreased in the lower limbs
and the functionality of both feet was improved. Moreover,
the physical therapy to decrease the spastics was supported
by the reduction of the muscular tonus due to WBV.
Therefore the neuropaediatricians decided to postpone the
treatment with botulinum toxin. Her ability to walk
improved during these 6 months. Actually she is only using
normal crutches, she has prolonged her walking distance and
can take a few steps unassisted. 

Patient 6 (Dysraphic defect of the thoracolumbal spine, MMC)

The 15-year-old female adolescent was affected with lumbar
MMC. She was intensively treated with physical therapy
according to the Vojta concept. Contractions of muscles and
tendons of the lower limbs were surgically corrected twice and
a third operation was already planned. During her childhood
she was able to walk with orthesis only reaching up to her lower
leg. Despite intensive physical therapy she lost this capability
and became dependent on orthesis reaching up to her thighs.
She needed to have an external stabilization of her knees.

Status before WBV: Muscles innervated by the segments
below th10 are characterized by spastic cerebral palsy.
Therefore, muscles below the knee joints are completely para-
lyzed in contrast to upper muscles with a partial palsy. The con-
tractions of the knee joints are described with 35o left and 40o

right. The spine was characterized by a non-fixed hyperlordo-
sis. The mobility is supported by a wheelchair because standing
and walking a few steps had to be strongly supported.

Exercising with WBV: The patient exercised 3 cycles WBV
daily with an oscillation frequency of 13 Hz over 6 months (5
days per week).

Status after WBV: The spine was extended due to the
reduced lordosis. Moreover, contractions decreased. The
right knee joint was characterized with a deficit of 10o in
extension. Because of these improvements the planned oper-
ation was cancelled. The left knee joint was normalized in
extension. The force of the lower limbs was increased to 312 N.
This increase was especially due to an improved muscular
force of her thighs. She became able to stabilize her knees on
her own. Actually she started walking again with external
support and orthesis only stabilizing her ankles.

Discussion

All participants were described to have profited from the
conducted exercising program despite their original reasons of
immobilization. Moreover, the WBV was accepted with a high
compliance by all participants. Individuals affected with OI
were characterized by an improved mobility (increased BAMF

score) and an increase of force development in the lower limbs
(increased tilt-angle in the physical therapy) after 6 months of
therapy. The child affected with cerebral palsy showed a reduc-
tion of spastics and an improved functional motor pattern of
walking. The indication for a therapy with botulinum toxin was
reversed for the moment. The patient with the dysraphic defect
was characterized by a decrease of joint-associated contrac-
tions. The surgical correction of contractures was cancelled.
Both patients have been able to reduce their dependency on
external support regarding crutches and orthesis. The reason
for the described benefit becomes understandable for all par-
ticipants despite their primary diseases when the general effect
of immobilization on the musculoskeletal system is considered.

Immobilization of the musculoskeletal system is typically
followed by loss of muscle mass (sarcopenia) and a subse-
quent decrease of bone mass (osteopenia). Therefore,
immobilization is always related to sarcopenia and osteope-
nia despite its primary origin (e.g., cerebral palsy). The loss
of muscle and bone mass decreases the functional compe-
tence of the musculoskeletal system and might be the reason
of further immobilization. This consideration is the funda-
mental of the empirically based concept of primary and sec-
ondary bone diseases11. Primary bone diseases are character-
ized by a structural or metabolic defect of the skeletal devel-
opment in contrast to secondary bone diseases based on
immobilization12. Therefore, functional activation of the
musculoskeletal system is a promising approach to improve
mobility in motor impaired children and adolescents.

One of the described patients with OI developed prob-
lems with an intramedullary rod, which was already dislocat-
ed before starting WBV. Another patient who was not
reported because she was training on a standing device only
for a few weeks suffered a dislocation of a telescopic rod dur-
ing the months of training. This patient had had a dislocation
already 2 years before and another one month after she
stopped the WBV. Dislocation of telescopic rods is a fre-
quent event in individuals affected with OI13. Moreover, the
analysis of the individual anatomical characteristics of these
patients could not draw any connections between WBV and
the dislocation osteosynthetic material. Nevertheless, a neg-
ative effect of WBV on the stability of implanted material
cannot be excluded due to these preliminary data.

The present collective of participants was characterized by
a high heterogeneity of diseases and their severity of immo-
bility. Therefore, the present results are not comparative
between different individuals. Nevertheless, the present data
can be regarded as preliminary results to enhance the impor-
tance of this promising therapeutic strategy to regain mobil-
ity in severely motor-impaired children and adolescents.
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Introduction

Regular readers of this journal are well aware of Frost’s
mechanostat model, as it has been shown in its pages quite a
few times. Nevertheless, a brief repetition may be useful for
the present discussion. The mechanostat model proposes that
bone tissue constantly monitors the deformations (strains)
which result from mechanical forces (Figure 1). This monitor-
ing job is presumably done by the osteocytes1. The measured
deformation is compared to a pre-set target level, called ‘set-
point’. When bone deformation strays too far from the target,
osteocytes send out signals to effector cells, which then adapt
bone architecture and mass, and thereby bone strength2.
Through these adaptations, bone deformation returns to the

acceptable range and homeostasis is maintained. During
growth, bone stability is continually threatened by two
processes, the increase in bone length and the increase in mus-
cle force. Longitudinal growth increases lever arms and bend-
ing moments and therefore leads to greater bone deforma-
tion3,4. Greater muscle force will also increase bone deforma-
tion during muscle contraction. These challenges create the
need for adaptational changes in bone architecture and mass.

Many physiological and pathophysiological skeletal condi-
tions have been examined in light of the mechanostat model. A
question, which to my knowledge has not been addressed, is
what happens to bone development in diseases with abnormal
material bone properties? Two not so rare conditions that
affect bone material properties during bone development are
osteogenesis imperfecta (OI) and X-linked hypophosphatemic
rickets (XLH). Much more information concerning the present
discussion is available for OI, so let us start with this disorder.

Osteogenesis Imperfecta

OI is a heritable disorder with increased bone fragility.
Seven types of the disease can be distinguished based on
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clinical phenotype and bone histologic findings5. The mildest
variant, OI type I, comprises patients who do not have major
bone deformities. Typical features include gray or bluish
sclerae, close to normal growth and autosomal dominant
inheritance. In the large majority of these patients, the dis-
ease is caused by mutations in one of the two genes encod-
ing collagen type I alpha chains (COL1A1 and COL1A2)6.
Frequently, mutations associated with OI type I result in a
null COL1A1 allele, causing a 50% reduction in normal type
I collagen synthesis7.

Patients with OI usually have low bone mass, even after tak-
ing their often-short stature into account5. A popular explana-
tion for this bone mass deficit is that the weakness of the
osteoblast system prevents the normal accumulation of bone
mass. However, as noted by Frost more than 35 years ago, this
explanation is not entirely satisfactory8. Dynamic histomor-
phometry shows that the osteoblast system – far from being
unable to produce bone – is actually depositing unusually large
amounts of bone. This was later confirmed by more detailed
studies in my own laboratory9. The weakness of the individual
osteoblast is more than compensated for by the very high num-
ber of these cells. The problem is that the bone is resorbed as
fast as it is deposited. This suggests that low bone mass in OI is
due to some dysregulation, rather than the inability to produce
bone. What kind of ‘dysregulation’ might this be?

Collagen type I is the most abundant organic component
of bone material. Abnormalities in collagen type I therefore
constitute a ‘bone material disorder’. Importantly, the
abnormalities in organic composites also affect the mineral
phase. Compared to age-matched controls, bone from OI
patients shows a higher average mineralization density10.
Possibly this is because collagen type I fibrils in OI are thin-
ner, leaving more space to be filled with mineral. What is of
interest here is the biomechanical consequence of this mate-
rial abnormality. It is intuitively clear that bone material
should be stiffer when material bone density is increased.
This has indeed been shown to be the case in both animal

models of OI and in humans with the disease11,12. Thus, OI
bone is dense and stiff on the material level.

Based on the mechanostat model, what is the expected
consequence to abnormally stiff bone material? To answer
this question we have to go back to Figure 1. A given force
induces less deformation, or strain, in stiff than in soft mate-
rial. For OI bone material this means that it will deform less
when exposed to the same load as a normal bone. Osteocytes
can ‘see’ only deformation, not the load itself and therefore
they will systematically underestimate the mechanical loads
on the bone. The consequence: bone strength will be adapt-
ed to the underestimated mechanical loads, not the actually
prevailing ones. Bone architecture and mass will be weaker
than the mechanical loads would dictate them to be.

This scenario is not really new, but rather is a variation of
Frost’s setpoint hypothesis of OI13,14. Frost had proposed
that the clinical manifestations of OI are caused by an abnor-
mally high mechanostat setpoint. In contrast, the present
perspective argues that it is not the setpoint that is affected,
but that the main problem resides in the abnormal stiffness
of the bone material, thus confounding the osteocytes. How-
ever, the differences between the original Frost hypothesis
and the current proposal are minor, as the downstream con-

Figure 1. Mechanostat model of bone development. The central piece
of bone regulation is the feedback loop between bone deformation
(tissue strain) and bone strength. During growth this homeostatic sys-
tem is continually forced to adapt to external challenges. Factors
shown below modulate various aspects of the regulatory system.

Figure 2. Measurement sites at the radius. Peripheral quantitative
computed tomography was performed at the metaphysis (at the so-
called 4% site) and at the diaphysis (65% site). Above, typical scan
images are shown. The radius is enclosed by white boxes. The
upper two scan images show the results of a 14-year-old boy with-
out bone disorder. Trabecular bone density at the metaphysis is
193 mg/cm3. The total cross-sectional area of the diaphysis is 104
mm2, z-score-0.5 The lower panels show images from a 13-year-old
boy with OI type I. Trabecular bone density at the metaphysis is
147 mg/cm3, z-score -2.0. The total cross-sectional area of the dia-
physis is 81 mm2, z-score -1.8.
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sequences should be identical, whether the setpoint is ele-
vated or the mechanical loads are underestimated.

So much for the model. What about the actual findings in
OI patients? A number of densitometric studies have looked
at patients with OI and agree that bone mineral density is
low. However, such data are notoriously difficult to inter-
pret, as the picture is often complicated by small bone size,
bone deformity, vertebral compression fractures, scoliosis,
and a history of prolonged immobilization. To examine
skeletal abnormalities in OI without the interference of such
secondary phenomena, a recent study examined 42 children
and adolescents with mild OI type I who were fully mobile
and did not have long-bone deformities or compression frac-
tures at the lumbar spine15. Lumbar vertebrae and the radius
(metaphysis and diaphysis) were analyzed using dual-energy
X-ray absorptiometry and peripheral quantitative computed
tomography, respectively (Figure 2).

At the diaphysis of the radius, bone size (i.e., the total
cross-sectional area) was very small, but relative cortical area
was high and cortical bone density was slightly elevated
(Figure 3). The overall effect of these abnormalities was that
the Strength-Strain Index, a measure of the bone’s resistance
to bending, was 34% lower than expected for height. In con-
trast, the cross-sectional area of the forearm muscles was
similar to that of healthy subjects who had the same height.
When compared to a reference population with the same
muscle cross-sectional area, OI type I patients had a 37%
deficit in Strength-Strain Index. It is assumed here that mus-
cle cross-sectional area gives an approximate idea of muscle
force and therefore is a surrogate measure of the loads to
which the forearm bones are exposed. These data therefore
suggest that bone strength is not appropriately adapted to
the prevailing loads, which is entirely in agreement with the
predictions made from the mechanostat theory.

Results at the metaphysis of the radius and at the lumbar
spine differed in some respects from those at the radial dia-
physis. Whereas the bone’s cross-sectional area was very low
at the radial diaphysis, bone size was close to normal at the
lumbar spine and at the radial metaphysis (Figure 4).
Trabecular bone density and cortical thickness were low at
the metaphysis (Figure 4).

Thus, even though the amount of bone was low at all three
sites of measurement, there were marked site-specific differ-
ences in size. To explain these findings, let us consider how
bone growth occurs at each skeletal location. Metaphyseal
bone is a site of endochondral ossification, where most (80 to
90%) of the primary trabeculae provided by the growth plate
are quickly removed16. When the mechanical loads are
underestimated, an even larger proportion of trabeculae will
be interpreted as mechanically superfluous and will be
resorbed, resulting in low trabecular bone density. This sce-
nario applies to the distal radius and also to vertebral bodies,
which in fact can be seen as two metaphyses which are joined
without intervening diaphysis.

Why then is bone size normal or close to normal in meta-
physeal but not in diaphyseal bone of OI type I patients? The
metaphysis has as its starting point the growth plate, whose
cross-sectional size determines the size of the metaphysis. As
the growth plate does not contain collagen type I, it should
not be affected by the mutation underlying OI. The growth
plate can therefore be expected to develop normally unless
the underlying bone becomes too weak to support it. How-
ever, the size of the diaphysis is determined by periosteal
bone apposition, the activity of which is associated with
mechanical loading17,18. When the prevailing mechanical
forces are underestimated, as is proposed here, periosteal
expansion lags behind, resulting in a diaphysis with an abnor-
mally small cross-section.

Figure 3. Schematic representation of average results at the radial
diaphysis in patients with mild osteogenesis imperfecta and in
healthy age-matched controls.

Figure 4. Schematic representation of average results at the radial
metaphysis in patients with mild osteogenesis imperfecta and in
healthy age-matched controls.
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X-linked hypophosphatemic rickets

XLH is an X-linked dominant disorder that is caused by
mutations in the PHEX gene (this acronym stands for Phos-
phate regulating gene Homologous to Endopeptidases on
the X chromosome). The hypophosphatemia is due to a
decreased tubular re-absorption threshold of phosphorus.
Patients have normal serum levels of calcium, usually normal
or slightly elevated parathyroid hormone levels, normal cal-
cidiol, and an increased alkaline phosphatase activity.
Untreated children have radiographic evidence of rickets.
Bone histology reveals osteomalacia and peculiar hypomin-
eralized periosteocytic lesions, which were first described by
Frost in 195819.

Standard therapy of XLH consists of oral phosphate sup-
plementation and calcitriol (the latter aims at preventing
secondary hyperparathyroidism that otherwise would devel-
op with high-dose phosphate supplementation)20. This treat-
ment regimen corrects the mineralization defect at the level
of the growth plates (in other words, it heals the rickets).
However, although the histological appearance of osteoma-
lacia improves, some degree of mineralization defect in the
bone tissue persists despite treatment21.

It is this persistence of some osteomalacia that makes
XLH interesting in the context of the present discussion.
‘Osteomalacia’ means that the bone matrix is undermineral-
ized. The bone material should therefore be softer than nor-
mal. This makes XLH in some way the mirror image of OI,
where the bone matrix is hypermineralized and the bone
material is too stiff. So, which are the expected consequences
of abnormally soft bone material? You can work that out by
looking at Figure 1.

A given mechanical load will cause more strain in the soft
XLH bone material than in a bone with normal material
properties. The osteocytes in XLH bone will overestimate
the mechanical loads and bone will be adapted to higher
loads than are actually present. This should lead to bone
with increased densitometric parameters of bone strength.

Indeed it is well established that XLH patients receiving
treatment with phosphorus and calcitriol have elevated bone
mineral density at the lumbar spine22,23. They also have high
trabecular bone density at the distal radial metaphysis and
larger bone size at the diaphysis (unpublished observations).
The latter observation may explain why areal bone mineral
density is often high in these patients22-24. These findings are
consistent with the predictions from the mechanostat model. 

Limitations

Although the present proposal stresses the importance of
material bone properties for the development of bone archi-
tecture and mass, it is obviously possible - and indeed very
likely - that other factors play a role in determining bone
architecture and mass in OI and XLH. Mutations in collagen
type I and PHEX may have a myriad of downstream conse-
quences other than making bone material too stiff or too soft.

Although the evidence base of this pathophysiologic
model is quite solid for OI, data in support of the XLH
model are ‘few and far between’. It is clear that osteomala-
cia persists even in well-treated patients with XLH, but there
are no data on material bone density in this context. Howev-
er, it is certainly plausible that material density is low in
treated XLH, as it is in other conditions with osteomalacia25.
Since the elastic modulus of bone material is associated with
material density26, any mineralization deficit should result in
soft bone material, as proposed in the model. A further lim-
itation of the proposed model is that the densitometric char-
acteristics of XLH have been studied in less detail than those
of OI, even though it is well established that lumbar spine
areal bone mineral density on average is elevated22,23.

The model proposes that it is the softness of the bone
material that is responsible for high bone density in XLH. Is
this not contradicted by the fact that bone density is low in
other mineralization defects, such as vitamin D deficiency?
After all, the biomechanical properties of the bone tissue
should be similar in all mineralization defects. Well, in
calcipenic forms of mineralization disorders there is an
absolute lack of substrate, whereas in the present perspec-
tive we were dealing with XLH patients receiving phospho-
rus supplementation. This provides enough substrate to min-
eralize bone matrix, albeit incompletely. In addition, XLH
patients usually have normal (or only mildly increased)
parathyroid hormone levels, whereas in calcipenic rickets
the picture is compounded by secondary hyperparathy-
roidism.

Conclusions

In summary, this brief perspective argues that some of the
anatomical and densitometric features of OI and XLH result
from abnormal biomechanical bone properties at the mate-
rial level, and that the mechanostat theory explains the link
between the material abnormalities and the macroscopic
features. In OI, bone material is too stiff, leading to under-
estimation of prevailing mechanical loads, which in turn
results in low bone mass and inadequate bone architecture.
In XLH, bone material is too soft, resulting in high bone
density at trabecular sites and a relatively large size of dia-
physes.
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Abstract Prolonged immobilization of the human body
results in functional impairments and musculoskeletal
system deconditioning that may be attenuated by ade-
quate muscle exercise. In a 56-day horizontal bed rest
campaign involving voluntary males we investigated the
effects of vibration muscle exercise (RVE, 2·6 min daily)
on the lower limb skeletal muscles using a newly de-
signed foot plantar trainer (Galileo Space) for use at
supine position during bed rest. The maximally volun-
tary isometric plantar flexion force was maintained fol-
lowing regular RVE bouts during bed rest (controls
�18.6 %, P<0.05). At the start (BR2) and end of bed
rest (BR55) muscle biopsies were taken from both mixed
fast/slow-type vastus lateralis (VL) and mainly slow-
type soleus muscle (SOL), each having n=10. RVE
group: the size of myofiber types I and II was largely
unchanged in VL, and increased in SOL. Ctrl group: the
SOL depicted a disrupted pattern of myofibers I/II
profiles (i.e., type II>140 % vs. preBR) suggesting a
slow-to-fast muscle phenotype shift. In RVE-trained
SOL, however, an overall conserved myofiber I/II pat-
tern was documented. RVE training increased the
activity-dependent expression of nitric oxide synthase
type 1 immunofluorescence at SOL and VL myofiber

membranes. These data provide evidence for the bene-
ficial effects of RVE training on the deconditioned
structure and function of the lower limb skeletal muscle.
Daily short RVE should be employed as an effective
atrophy countermeasure co-protocol preferentially
addressing postural calf muscles during prolonged clin-
ical immobilization or long-term human space missions.

Keywords Skeletal muscle atrophy Æ Neuromuscular
disorders Æ Countermeasure Æ Rehabilitation Æ
Spaceflight

Introduction

Activity-dependent processes addressing the brain and
spinal cord locomotor units or peripheral neuromuscu-
lar/musculoskeletal structures are critical for the main-
tenance of human performance (Baldwin and Haddad
2001). Prolonged body immobilization results in disuse-
induced malfunctions and atrophy of these systems with
impaired motor tasks and performance control (Fitts
et al. 2001; Roy et al. 2000). The adverse structural and
functional adaptations of the deconditioned neuromus-
cular and musculoskeletal system should be minimized
through adequate physiological stimuli such as exercise
in order to support performance control following
clinical immobilization, in rehabilitation, or during ex-
tended spaceflight missions (Booth and Criswell 1997;
Dietz 2002; Ohira et al. 1999; Shackleford et al. 2004).

Bed rest immobilization is a well-accepted analogue
of inactivity-induced body deconditioning which is
normally encountered by bedridden patients in clinical
settings as well as by astronauts in extended spaceflight
missions (Akima et al. 2000; Berg and Tesch 1994, 1998).
Resistive exercise based on low repetition/maximally
force-induced coupled concentric and eccentric muscle
actions has been successfully applied as a countermea-
sure to skeletal muscle unloading and atrophy using the
fly wheel device in a bed rest study (Alkner and Tesch
2004; Berg and Tesch 1994; Rudnick et al. 2004).
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Resistive fly wheel training thus maintained myofiber
architecture and sarcolemma membrane expression of
nitric oxide synthases (NOS) suggesting altered NO-
signaling pathways at functional skeletal muscle com-
partments (Rudnick et al. 2004). Nevertheless, we
sought to test alternative modalities of muscle exercise
comprising load-induced reflexive muscle actions in a
short and simple regular countermeasure protocol
against atrophy of lower limb postural muscle groups
following prolonged immobilization.

Resistive-like muscle actions can be also initiated by
vibration forces on muscle imposed by high frequency
electrical or mechanical stimuli thereby supporting
muscular strength as shown in animals (Schüler and
Pette 1996) and humans (Adamo et al. 2002; Delecluse
et al. 2003; Griffin et al. 2001; Maffiuletti et al. 2002;
Roelants et al. 2004). Frequency-dependent vibration
forces were successfully used as interventions to increase
muscle power and force in physical training protocols or
in rehabilitation (Cardinale and Bosco 2003; McBride
et al. 2004). The beneficial effects of low frequency
vibration forces (<30 Hz) on, e.g., limb muscle func-
tions are thought to occur through adequate stimulation
of the neuromuscular reflex loop activity (Rittweger
et al. 2000, 2003) and the recruitment of high threshold
motor units (Martin and Park 1997; McBride et al.
2004). We assumed that reflexive muscle contractions by
adequate vibration stimuli might generate sufficient
amounts of muscle cycles of contraction and relaxation
exerting both ambient neuronal stimuli and mechanical
strain. Resistive-like, i.e., load-induced reflexive muscle
actions initiated by daily plantar vibration stimuli
should at least partially mitigate atrophy of the lower
limb muscles as an effective countermeasure to hypoki-
nesia-induced atrophy.

We here report on the effects of a simple resistive-like
vibration muscle exercise (RVE) training on ten healthy
male volunteers (plus non-exercise control group, n=10)
using a newly designed Galileo Space device based on a
vibrating foot platform for use in supine position
(Novotec Inc., Pforzheim, Germany) during 56 days of
voluntary bed rest immobilization (Berlin Bed Rest
2003). The main purpose of this study was to test whe-
ther short bouts of RVE training (e.g., 2·3 min per day)
preserved myofiber size and phenotype distribution, and
the force production of thigh and calf skeletal muscle
groups during bed rest. We further hypothesized that
regular daily exercise with the Galileo Space vibrating
foot platform during bed rest might stimulate activity-
induced NOS expression in vastus lateralis (VL) and
soleus (SOL) myofibers as recently shown with the
maximally force-induced resistance exercise counter-
measure during the 90-day Toulouse bed rest study
(Rudnik et al. 2004). If so, short daily bouts with the
Galileo Space trainer should be able to preserve muscle
fiber morphology, molecular architecture and force
production of the leg muscles. Thus, RVE training could
be simpler than other types of exercise and should be
easily implemented to future countermeasure protocols

to preserve human performance control following pro-
longed deloading conditions on Earth or in Space.

Methods

The Berlin bed rest study (BBR) and ethical policies

A 56-day horizontal bed rest sponsored mainly by the
European Space Agency (ESA) was organized at the
Benjamin Franklin Hospital of the Charité University
Medicine Berlin, Berlin, Germany, in 2003 and 2004. A
total of twenty healthy male volunteers (n=20) were in-
cluded in the study [mean age (years) 33±5.6; mean BMI
= body mass index (kg·m�2) 23±1.51, SD, P<0.01]
according to defined subject characteristics (e.g., moder-
ately active, no regular aerobic or resistance training
regimen, no clinical musculoskeletal parameters, non-
smokers). The candidates were randomly assigned to one
of two groups, one control (Ctrl) group i.e., non-exercise,
and one vibration muscle exercise (RVE) group, each
having n=10. Five different campaigns including four
subjects each (RVE and Ctrl, n=2·2) were conducted to
balance any seasonal effects. During bed rest the candi-
dates were not allowed to stand up (routine video control
and force transducers in bed frames), and were asked to
strictly adhere to their supine position with no trunk lift-
ing to more than 45�, and no brisk leg movements with
large muscle force production other than during con-
trolled exercise units. Physiotherapy in bed rest included
passive ankle mobilization and gentle muscle massage
(without stretching) twice a week to improve venous flow,
and to help minimize any joint or muscle pain. Subjects
were under the observations of a medical doctor daily.
The diet was controlled with regards to caloric intake
according to the Harris–Benedict equation with an
adjustment factor of 1.2 (Harris and Benedict 1919).

All candidates gave written informed consent to
participate voluntarily in the BBR study, to the risks and
benefits of the study, and to the muscle biopsies. Ap-
proval was given by the local ethics committee of the
Charité Universitätsmedizin Berlin, Germany. The study
was conducted in accordance with the Helsinki Decla-
ration for the Protection of Human Subjects. More de-
tailed descriptions of the BBR study protocol including
functional muscle parameters have been published else-
where (Bleeker et al. 2005). Re-ambulation was per-
formed on the fifty-seventh day after the onset of bed
rest, between 8 a.m. and 11 a.m. Muscle function was
tested immediately after re-ambulation, and in the
evening of the same day (see below).

Resistive-like vibration exercise

Resistive-like vibration exercise was performed using a
special Galileo Space device (Novotech Inc., Pforzheim,
Germany) feasible for a daily muscle training program
at the supine condition throughout bed rest immobili-
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zation. Briefly, the Galileo Space device consists of a
vibrating foot platform (20–30 Hz), to which the sub-
jects can attach themselves in supine position via elastic
belts with their hips, their shoulders and their hands (see
Fig. 1). The static force upon the vibration platform
generated was about two times the body weight under
resting conditions. The Galileo Space device generates
platform vibration by means of the eccentric, anti-phase
rotation of two masses under each foot. Hence, the left
side and the right side of the platform accelerate alter-
nately, i.e., when the left leg is accelerated towards the
head, then the right leg is extending. As the frequency of
the vibration is preset, this acceleration increases with
vibration frequency, and so does the resistive-like force
elicited by the leg extensor and flexor muscles. The
amplitude of the vibration therefore results from the
acceleration of the platform and the resistive force of the
leg extension (usually in the range of 0.5–1 cm). During
bed rest the vibration protocol consisted of two daily
bouts (6 min each) at preset vibration frequencies of 19–
25 Hz with a total of 89 exercise sessions scheduled for
each subject between days BR0 and BR56 (Wednesday
afternoon and Sunday off).

Calf muscle size and function

Maximum voluntary isometric plantar flexion force
(MIPF) was measured in the left leg before the bed rest
period (BDC-2 and BDC-1), and immediately (<1 h)
after re-ambulation (BDC-56) in the morning (R1m),
and in the evening of the same day (R1e). This was done

with a split ground reaction force platform (Novotec,
Pforzheim, Germany) and a custom-built restraint de-
vice. The subjects were tested in a seated position, with
the ankle and knee joints at an angle of 90�. They placed
their forefoot and the heel on either side of the split
ground reaction platform. During each test, the subjects
wore the same shoes, and markers were placed on the
shoes in order to exactly reposition the foot on the force
plate in the subsequent tests. The restraint ‘clamped’ the
lower leg between the foot and the upper aspect of the
knee, and the arms were behind the subjects’ back.
MIPF was then assessed as the change in ground reac-
tion force under the forefoot. The best in three trials was
taken from each testing session. During the contrac-
tions, strong verbal encouragement was given, and time
was given to prevent fatigue. Also, subjects were care-
fully observed to maintain their body posture during the
contractions. Goniometers were used to check possible
flexion or extension movements within the ankle or knee
joint. Data were digitized and analyzed with a Power-
Lab 16s analog–digital converting system and the inte-
grated Chart software in its version 5.0 (AD
Instruments, Sydney) at a sampling rate of 2,000 Hz.
The reproducibility of this method to measure maxi-
mum plantar flexion force, as assessed over all subjects
on days BDC-2 and BDC-1, turned out to be 3.4% of
the mean.

Muscle biopsies

Skeletal muscle biopsies were taken on the second day
(BR2) and close to the end (BR55) of the 56-day BBR,
from the VL of the right hip flexor/knee extensor
quadriceps muscle, and from the right calf soleus muscle
(plantar flexor) of each volunteer according to a well-
established method (Bergström 1962) and full medical
care was thereafter provided according to a previously
approved protocol (Rudnick et al. 2004). Because of
potential anatomical variations (e.g., fiber size or type
distribution), attempts were made to extract the samples
from each individual at approximately the same loca-
tion. All needle biopsy samples were immediately
embedded in small silicone casts filled with Tissue-Tek
(Sakura Fine Tek Europe B.V., The Netherlands), and
immediately frozen in liquid nitrogen, and stored at
�80�C until further analysis.

Myofiber structure and phenotype analysis

For histology and morphometry, samples were cryo-
sectioned at 8-lm thickness (Leica CM 2800, Germany),
mounted on glass slides (SuperFrost� Plus, Menzel-
Glaser, Germany) and subjected to immunohistochem-
istry protocols. Muscle fiber typing was carried out with
a monoclonal antibody (clone My-32, diluted 1:1500,
Sigma Inc.) against fast myosin heavy chain (fMyHC)
protein which also cross-reacts with the antigens IIA,B

Fig. 1 The Galileo Space device used for resistive-like vibration
exercise (RVE) protocols (RVE group) at supine position during
56 days of strict bed rest. During training, the bedridden candidate
pushes the foot plantar region onto the vibrating Galileo platform
(left) using elastic shoulder and hip straps and short elastic cords
held in both hands (daily bouts 2·6 min at a.m./p.m.). During
exercise, however, short but high repetition mechanical load (i.e.,
leg extension vs. acceleration) is transmitted alternately to each leg
via the vibrating platform. We therefore defined this protocol RVE
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and IIC/X preferentially coexpressed in fast-type II
myofibers, followed by application of the Cy-5 conju-
gated AffiniPure� goat anti-mouse IgG secondary
antibody (Dianova, Hamburg, Germany). In cross-sec-
tioned profiles, only distinctly My-32 immunopositive
fibers were designated as myofibers II (fast-type). The
My-32 immunonegative fibers were always designated as
myofibers I (slow-type). A small amount of myofibers
revealing only faint My-32 immunostaining (i.e., hydrid
fibers) was omitted from the analysis. Classification of
myofiber types I and II into subtypes was not considered
as adaptive responses of muscle fibers including time-
dependent fiber transition (Pette and Staron 2001) may
have occurred during the first weeks of bed rest. In
addition, only very limited amounts of human biopsy
tissue were available mainly due to ethical reasons
(Rudnick et al. 2004).

The pattern of slow and fast-type myofiber profiles
was determined by quantification of the amount of im-
munostained myofibers I and II in cryosections. Selec-
tive counts of My-32 immunonegative versus
immunopositive fibers were made in arbitrarily chosen
cohorts of 50 cross-sectioned myofibers found each in
cryosections of VL and SOL biopsies from all subjects of
the Ctrl and RVE group at the start (BR2) or end of bed
rest (BR55) followed by subject-matched analysis (triple
determination).

The size of muscle fibers was determined by mean
myofiber cross-sectional area (CSA) determination in
NOS1/My-32 double-immunostained cryosections
(Rudnick et al. 2004). The standardized area profiles thus
generated represented the square microns (lm2) myofiber
CSA. A total of 100myofibers I and II was thus measured
in double-immunostained VL or SOL cryosections of ei-
ther groups at the start (pre) and end of bed rest (post).

NOS immunofluorescence intensity

The expression of NOS1 was determined by measuring
the relative fluorescence intensity of immunostained
sarcolemma membrane structures according to a well-
established NOS1 immunostaining protocol optimized
for human skeletal muscle cryosections (Rudnick et al.
2004). Briefly, the area pixel intensity of the defined re-
gions of interest (ROI) selected from the immunostained
sarcolemma structures (total 1,000 lm2) of each myofi-
ber type I or II was measured in digital confocal image
scans and expressed as arbitrary units (a.u.) by the Leica
software (in the range of 0–255 a.u.). At least ten type I
and/or type II myofibers were thus measured from each
cryosection. Changes of NOS1 intensity at myofiber
sarcolemma membranes determined by area-based pixel
intensity measurements between individual candidates
and groups were calculated as percent changing of a.u.
of postBR (D%) versus preBR (set as zero %).

In all immunostaining protocols we used either green
fluorescent anti-mouse ALEXA 488-conjugated and/or
red fluorescent anti-mouse ALEXA 555-conjugated

affinity-purified secondary antibodies (Molecular
Probes, OR) diluted at final concentrations of 1:3,000–
1:5,000, respectively. Immunohistochemical staining was
applied on subject-matched cryosections from the Ctrl
and RVE group in one and the same incubation proto-
col in order to achieve identical immunostaining condi-
tions for comparison analysis. Immunofluorescence
images were scanned with a three channel confocal laser
scanning microscope (Leica TCS SP-2, Leica Microsys-
tems, Bensheim, Germany) at standardized image set-
tings, and all digitalized images were analyzed using the
Leica confocal software.

Biochemical analysis

The relative NOS 1 protein content in skeletal muscle
biopsies was determined in electrophoresed subject-
matched lysates of muscle biopsies, immunoblotted
(Protean mini-system, BioRad Inc.), and quantified by
densitometric scanning of immunostained protein bands
(GS-800 device, Quantity-One� software, BioRad Inc.,
Munich, Germany). Because the total amount of biopsy
material was very limited only samples of three subjects
were immunoblotted for each group (i.e., 2·n=3) in
triplicate according to previously described methods
(Rudnick et al. 2004). Mean optical density (OD) values
were expressed as the relative percent difference of
postBR versus subject-matched preBR samples (preBR
arbitrarily set as the zero percent baseline).

Data analysis and statistics

MVC data of the two baseline testing sessions (BDC-2
and BDC-1) were averaged to yield a single baseline
data collection (BDC) value. The SPSS software
package (http://www.spss.com) was used to perform a t
test for group differences at baseline, and a repeated
measures ANOVA for time effects (BDC, R1 morning,
and R1 evening) and group interactions were carried
out with simple contrasts referring to BDC. Post hoc
tests and t tests were performed in order to further
analyze group time interactions for the different days.
Muscle biopsy data were analyzed using the SigmaPlot
software and are given as mean ± SEM. The signifi-
cance of differences of data was analyzed with the
Student‘s test. Differences were regarded to be statis-
tically significant at P<0.05. Values represent triple
determination from each immunostained cell structure
or biopsy sample.

Results

RVE training by the Galileo Space device

Figure 1 illustrates the experimental set-up of the
Galileo Space device during an active training session
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(i.e., before start of bed rest) at supine position in bed
rest. In general, RVE was well tolerated by the subjects.
During the 8 weeks of bed rest, exercise progression was
achieved mainly through increases in vibration fre-
quency, which was set to 19 Hz at the beginning in all
subjects, and to 25.9 Hz (SD 1.9) toward the end of bed
rest on average at the end (60) (Rittweger et al. 2003).
During BR, lower limb pain was slightly more frequent
in the RVE subjects than in Ctrl (P=0.035). However,
this led to the canceling of only 12 out of 770 exercise
sessions because of pain.

Calf muscle force (maximum voluntary isometric
plantar flexion force)

Repeated measures using ANOVA revealed significant
changes in the MIPF (P<0.001 for both). For com-
parison, relative changes are illustrated (Fig. 2). Within
the RVE group, no significant change was observed
from BDC to the re-ambulation day 1 (R1, P=0.83).
Conversely, a decrease by 18.9% (SD 9.0) was observed
in the Ctrl group (P<0.001). In both groups, the loss in
MIPF was reduced between the re-ambulation day 1
morning (R1m) and evening (R1e) measurements. In the
RVE group, this reduction was 9.2% (SD 12.0,
P=0.015) of the BDC value, and in Ctrl it was by 32.9
(SD 10.7, P=0.009).

Myofiber size measurement (cross-sectional area)

We measured the myofiber CSA in VL and SOL muscles
by the morphometric analysis of subject-matched pre

and post biopsy samples. In VL, significant changes of
the myofiber size were not apparent in both the Ctrl and
RVE group. In non-trained SOL, CSA values, however,
decreased in myofibers I and II (Fig. 3). Following RVE,
the CSA increased in both myofibers I and II at the end
of the bed rest period. The latter results documented an
increase in SOL myofiber I and II size possibly due to
fiber hypertrophy induced by the RVE training during
bed rest.

Myofiber type and distribution pattern

Robust changes in the myofiber type I and II distribu-
tion pattern in subject-matched biopsy samples were
found in SOL but not in the VL muscle using fast
MyHC immunohistochemistry based on high-resolution
confocal laser microscopy (Fig. 4). In the Ctrl group, the
relative amount of myofibers II in a defined population
of SOL myofibers increased significantly (>140% vs.
preBR control) while the relative amount of myofibers I
in the same population remained largely unchanged. In
the RVE-trained SOL (Fig. 4), significant changes were
not detectable between the relative amounts of slow and
fast-type myofibers I and II. Therefore, the normal fiber

Fig. 2 Percent changes in maximum isometric voluntary plantar
flexion force (MIPF) relative to baseline. Measurements were
performed in the morning and in the evening of the re-ambulation
day (R1m and R1e, respectively). Significant differences were found
not only between groups (P< 0.001), but also between R1m and
R1e (asterisk). For the RVE group alone, the change at R1m was
non-significant (P=0.98), indicating that force generation was
unimpaired in this group directly after re-ambulation

Fig. 3 Bar graphs with myofiber size measurements by cross-
sectional area (CSA) determination. a In VL and SOL, myofiber I
and II CSA changes at postBR were not significantly different from
the preBR values in either of the groups. b In trained SOL, CSA
values of myofibers I and II were significantly increased (asterisk)
suggesting that hypertrophy was induced by RVE muscle activity
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type I > type II distribution pattern determined in SOL
at the start of bed rest was clearly disrupted in untrained
SOL (without RVE) at the end of bed rest period.
However, similar changes were not observed in RVE-
trained SOL at the end of bed rest. Given the fact that
subject-matched analysis has been performed in this
study, RVE training prevented the SOL from phenotype
shifting toward a morphological ‘‘fast-type’’ muscle that
is likely to contain more myofibers II (fast-type) than
normally found in such a slow-type postural calf muscle.

NOS1 immunohistochemistry

In skeletal muscle, NOS1 immunofluorescence signals
are concentrated at sarcolemma membrane structures
that may be altered by muscle activity. We therefore
used relative fluorescence intensity measurements of
NOS1 protein patterns by confocal microscopy and the
ROI-dependent pixel analysis as morphological indices
of the functional sarcolemma membrane integrity in

skeletal myofibers of both VL and SOL. In the Ctrl
group, the sarcolemmal NOS1 immunofluorescence
intensity significantly decreased in both myofibers I and
II of both VL and SOL (Figs. 5, 6). In the RVE group,
both VL and SOL showed increased relative fluores-
cence intensity values of sarcolemma NOS1 indepen-
dently of the myofiber type I or II identified by fast
MyHC in double-staining. Confocal analysis confirmed
that in both VL and SOL muscle RVE training main-
tained or even upregulated the NOS1 immunofluores-
cence intensity at the myofiber sarcolemma membrane.

NOS 1 immunoblot analysis

We also determined the relative changes of NOS 1
protein concentration in VL and SOL in three subject-
matched skeletal muscle biopsy samples by the quanti-
tative immunoblot analysis of pre versus post samples of
equal protein amounts in both the Ctrl and RVE groups
(Fig. 7). In samples from the Ctrl group (n=3), the post

Fig. 4 Determination of myofiber ratio (type I vs. II) in VL and
SOL biopsies of the control versus RVE group. a In VL muscle, the
amount of myofibers I and II did not change significantly between
the preBR and postBR samples of either groups. b In SOL muscle,
significantly more myofibers II were detectable in the control group
(+140% baseline) with bed rest only. Notably, this dramatic

change was absent from the SOL trained by RVE during bed rest
suggesting maintenance of muscle phenotype. c, d Representative
pairs of merged confocal images (NOS1/fMyHC) that show
marked changes in the presence of myofibers I (My-32 negative)
and II (My-32 positive, red). Bar 40 lm (C, D only top)
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bed rest NOS1 protein level was clearly changed as
compared to the pre bed rest levels set as baseline (by
minus 10–30% relative to baseline). In samples from the
RVE group (n=3), the post bed rest NOS1 protein level
was clearly increased (by plus 20–130% relative to the
baseline). Similar changes were not found in VL biopsies
of either the Ctrl or RVE group.

Discussion

Vibration muscle exercise in bed rest

In the present study vibration muscle exercise was ap-
plied to lower limb muscles by a vibrating footplate for
use at supine position in order to test the efficacy of the
Galileo Space device as a countermeasure against the
loss in skeletal muscle structure and function following
extended body immobilization. The device has been
constructed in order to effectively transmit the vibration
stimulus (i.e., controlled by Hz and amplitude) to the leg

muscles (and bone) by the pressing of the subject’s feet
onto the vibrating footplate using a simple system of
elastic straps and belts (cf. Fig. 1). As foot and leg
pressing appear to be necessary for transmitting ade-
quate vibration stimuli generated by the oscillated foot
platform acceleration (cf. ergometric lower body
imbalance control), the vibration exercise protocol is
based on both reflexive-loop coordination (via muscle or
tendon spindles) and loading as well as unloading of the
leg extensor and flexor muscle chains. The RVE protocol
must be therefore characterized as reflexive plus ‘‘resis-
tive-like’’ vibration muscle exercise. Simple muscle
vibration or strenuous shaking impulses on local muscle
groups coming from different vectors or angles have
been frequently reported to show multiple adverse ef-
fects (e.g., edema, nerve conductivity problems; cf.
Adamo et al. 2002; Bongiovanni et al. 1990; Gauthier
et al. 1981; Ivanenko et al. 2000; Martin and Park 1997;
Rittweger et al. 2003; Roelants et al. 2004). Therefore,
inclusion of a second control group subjected to shak-
ing/vibration impulses of the calf or thigh region without

Fig. 5 Expression of muscle
fiber activity marker NOS1 in
subject-matched SOL muscle
biopsies. a Graph with percent
changing of the relative
immunofluorescence intensity
of sarcolemmal NOS1 in
myofibers I (open bars) and II
(black bars) of the control and
RVE group. b Pairs of
representative confocal images
showing NOS 1
immunoreactivity (green), and
NOS1/fast MyHC double-
staining (red/green merged)
from the same subjects of the
RVE group (Ctrl group not
shown). Sarcolemma NOS-1
immunoreactivity as well as
myofiber size are significantly
increased in both myofibers I
and II (RVE) due to vibration
muscle exercise. Bar 40 lm
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frequency-controlled RVE was not considered due to the
obvious adverse effects and the overall experimental
design and hypothesis tested in this study.

Multiple effects on the musculoskeletal system ex-
posed to high frequency vibration forces were reported
in animal models (Rubin et al. 2001) or in humans
(Ivanenko et al. 2000). Plantar vibration exercise with
the Galileo Space device (19–26 Hz) is, however,
thought to be based upon reflexive muscle actions
generating high numbers of muscle contraction–relax-
ation cycles (i.e., 26 Hz is equivalent to approximately
1,600 cycles/min). Reflexive muscle actions are likely
producing mechanical strain as well as neuromuscular
activation sufficient to maintain the structure and
function of the musculoskeletal system (Sale 1988). The
RVE protocol used in and the results from the BBR
study are in support of this hypothesis. As discussed
above, RVE is clearly different from the effects of
whole body vibration or extremely high vibration
forces to defined body regions (>100 Hz) that might

result in adverse body effects or even detrimental effects
on motor firing rates and force (Bongiovanni et al.
1990). Frequency-controlled muscle vibration therefore
has been previously tested for an effective training
protocol in exercise and sports performance (Cardinale
and Bosco 2003; Meester et al. 1999; Roelants et al.
2004) as well as in rehabilitation (Cardinale 2004).
Nevertheless, the precise neuromuscular control mech-
anisms remain to be determined.

Muscle fiber type and size

Muscle exercise affects the distribution of the myofiber
phenotype I/II profile in terms of fiber type composition
in a given muscle. In previous animal hypokinesia
studies, a shift from slow-to-fast or fast-to-slow myofi-
ber pattern was documented in lower limb muscles, a
process known as fiber type transition (Pette and Staron
2001). In humans, the myofiber type pattern in SOL

Fig. 6 Expression of muscle
fiber activity marker NOS1 in
subject-matched VL muscle
biopsies. a Graph with percent
changing of the relative
immunofluorescence intensity
of sarcolemmal NOS1 in
myofibers I (open bars) and II
(black bars) of the control and
RVE group expressed as
arbitrary units (a.u.). b Pairs of
representative confocal images
showing NOS 1
immunoreactivity (green), and
NOS1/fast MyHC double-
staining (red/green merged)
from the same subjects of the
RVE group (Ctrl group not
shown). NOS 1
immunoreactivity is slightly
decreased in the myofibers I and
significantly decreased in the
myofibers II (Ctrl) group. In
trained VL, both myofibers I
and II revealed elevated
fluorescence intensity values
reflecting increased NOS 1
immunodetectable antigen
expression due to RVE-
dependent muscle activity. Bar
40 lm
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muscle (with usually more type I than II myofibers)
showed a slow-to-fast shift following mechanical de-
loading (Caiozzo et al. 1996) confirming a similar fiber
transition as previously seen in animal studies. Surpris-
ingly, we found that in RVE-trained SOL the relative
myofiber type I/II ratio was not significantly altered
when compared with subject-matched pre bed rest ratios
suggesting preservation of muscle fiber phenotype.
Notably, soleus and vastus muscles have different fiber
patterns which may explain for the muscle-specific fiber
patterns resulting from inactivity/activity or micrograv-
ity responses of slow-type versus fast-type muscles.
However, similar results were not found in the RVE-
trained VL muscle using identical morphometric analy-
sis and immunostaining protocols.

As shown in previous studies, the morphometric
analysis of muscle fiber size as well as protein synthesis
in VL and SOL suggested a relative inability of the SOL
muscle to respond to resistive exercise training protocols
in bed rest or ambulatory candidates (Rudnick et al.
2004; Trappe et al. 2004). Further metabolic studies
using amino acid infusion into VL and SOL of ambu-
latory individuals as an attempt to compensate for the
ineffectiveness of SOL following resistive exercise
countermeasure confirmed the presence of muscle-spe-
cific protein metabolism (Carrithers et al. 2002; Carroll
et al. 2004). Our results support the idea that our RVE
protocol predominantly recruited the calf muscles (local
ankle plantar flexors) via the single-joint muscle kinetic
chain. However, the structure and function of the VL
muscle was less well preserved by our RVE protocol.
Therefore, we assume that plantar vibration exercise
may be less effective for recruitment of the lower limb

multi-joint muscle kinetic chain including the knee ex-
tensors or thigh flexor muscles.

Nitric oxide expression

Molecular domains of the muscle membrane are con-
sidered as putative targets of mechanical stimulus
transmission and should be, at least partially, affected in
response to mechanical stimuli. In skeletal muscle cells,
NOS1 is associated with the sarcolemmal dystrophin–
glycoprotein complex via syntrophin which is linked to
the subsarcolemmal actin network (Bredt 1999). Nitric
oxide signals generated by NOS play important roles in
normal muscle physiology. The production of NO is
upregulated by muscle activity. Nitric oxide signals are
released from contracting muscle cells (Balon 1999) and
were shown to increase force and actomyosin ATPase
activity in skeletal muscle (Perkins et al. 1997). NO ap-
pears to have important functions as local modulators of
functional membrane molecules such as ion channels
and receptors that are involved in various transduction
processes at the outer muscle cell membrane during
muscle contraction (Blottner and Lück 2001). In a pre-
vious study, we found that bed rest immobilization
clearly impaired NOS1, -2 and -3 protein synthesis in
human skeletal muscle and decreased the sarcolemma
NOS1 expression of muscle cell fibers indicating
important functional roles for activity-dependent NO-
signaling (Rudnick et al. 2004). The NOS 1 protein is
normally found concentrated at sarcolemma structures
but can also be found in the sarcosol due to intracellular
redistribution as shown in mouse development (Blottner
and Lück 1998). Subcellular redistribution mechanisms
of signaling proteins like NOS1 detectable by immuno-
histochemistry may occur during extended bed rest
without affecting relative protein amounts per mg of
tissue. This could explain some discrepancies between
relative NOS1 protein levels immunoblotted from
biopsy lysates and NOS 1 immunostaining patterns
found at myofiber membranes in cryosections of pre
versus post bed rest biopsies.

Effects of muscle vibration in neuro-rehabilitation
or clinical muscle atrophy

Human postural reflexes play important functions fol-
lowing body deconditioning as well as in neuro-reha-
bilitation. Postural reflexes have been previously
investigated in underwater simulated microgravity
(Dietz et al. 1989). The effects of vibration on limb
muscles may occur through the stimulation of cutane-
ous, muscular and articular mechanoreceptors/sensors
(Gauthier et al. 1981; Park and Martin 1993) and
facilitation of lower limb muscle stretch reflexes as
neuromuscular compensatory response to, e.g., body
imbalance or gait coordination (Ivanenko et al. 2000;
Verschueren et al. 2002). More recently, the plantar

VL SOL
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Fig. 7 NOS-1 immunoblot analysis. Subject-matched VL and SOL
immunoblots showing representative pairs of pre versus post
biopsy samples of the Ctrl and RVE group. Identical amounts of
protein/lanes 1–8 (protein load 50 lg/ml) were electrophoresed for
three subjects (n=3) per group in the same gels followed by
subsequent immunoblotting (triple determination). As shown,
NOS-1 immunostained protein bands (155 kDa) of post samples
(lanes 2, 4, 6, and 8) are either decreased (Ctrl) or increased (RVE)
as compared with pre samples (lanes 1, 3, 5, and 7). For
densitometric analysis of immunostained bands (cf. results)
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load receptor hypothesis has been discussed for pro-
prioreceptive muscle stretch reflexes in human gait
control (Dietz and Duysens 2000). Muscle fiber
recruitment by vibration stimuli mechanisms may be
also critical, for example, for bipedal body equilibrium
in gait control. The load-induced proprioceptive re-
flexes for bipedal body equilibrium control activating
intrafusal muscle fibers or Golgi tendon spindles via
excitatory group Ia/b afferent input may be adapted by
feedback stimuli programmed in the central nervous
system (Dietz 2002). Finally, RVE could also serve as a
countermeasure against neuromuscular atrophy in
skeletal muscle disease. Therefore, RVE protocols may
have implications not only for astronauts in space but
also for patients in various clinical settings including
neuromuscular diseases or rehabilitation.

In conclusion, the present findings provide pro-
vocative evidence that both calf muscle structure and
force production can be maintained during 8 weeks of
strict bed rest by RVE training. Similar finding were
not confirmed for VL muscle following the RVE
protocol. Our findings also indicated obvious func-
tional correlations between NOS distribution at the
sarcolemma membrane and RVE-driven muscle activ-
ity, underpinning the efficacy of the RVE training for
maintenance of the soleus muscle architecture and its
myofiber composition in particular. Short plantar
RVE training protocols appear to be simpler than
other types of exercise and may be implemented in
future countermeasure protocols to offset disuse-in-
duced atrophy of postural leg muscles during pro-
longed clinical bed rest, in rehabilitation, or in
spaceflight.
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Rudnick J, Püttmann B, Tesch PA, Alkner B, Schoser BG, Sa-
lanova M, Kirsch K, Gunga HC, Schiffl G, Lück G, Blottner
D (2004) Differential expression of nitric oxide synthases
(NOS 1–3) in human skeletal muscle following exercise
countermeasure during 12 weeks of bed rest. FASEB J
18:1228–30

Roy RR, Zhong H, Monti RJ, Vallance KA, Kim JA, Edgerton
VR (2000) Mechanical properties and fiber type composition of
chronically inactive muscles. J Gravit Physiol 7:P103–104

Sale DG (1988) Neural adaptation to resistance training. Med Sci
Sports Exerc 20:S135–S145

Schuler M, Pette D (1996) Fiber transformation and replacement in
low-frequency stimulated rabbit fast-twitch muscles. Cell Tissue
Res 285:297–303

Shakleford LC, LeBlanc AD, Driscoll TB, Evans HJ, Rianon NJ,
Smith SM, Spector E, Feeback DL, Lai D (2004) Resistance
exercise as a countermeasure to disuse-induced bone loss. J
Appl Physiol 97:119–129

Trappe TA, Raue U, Tesch PA (2004) Human soleus muscle pro-
tein synthesis following resistance exercise. Acta Physiol Scand
182:189–196

Verschueren SMP, Swinnen SP, Desloovere K, Duysen J (2002)
Effects of tendon vibration on the spatiotemporal characteris-
tics of human locomotion. Exp Brain Res 143:231–239

271


















	BRS.pdf
	Human skeletal muscle structure and function preserved by vibration muscle exercise following 55 nbsp days of bed rest
	Abstract
	Introduction
	Methods
	The Berlin bed rest study \(BBR\) and ethical policies
	Resistive-like vibration exercise
	Calf muscle size and function
	Muscle biopsies
	Myofiber structure and phenotype analysis
	Fig1
	NOS immunofluorescence intensity
	Biochemical analysis
	Data analysis and statistics
	Results
	RVE training by the Galileo Space device
	Calf muscle force \(maximum voluntary isometric�plantar flexion force\)
	Myofiber size measurement \(cross-sectional area\)
	Myofiber type and distribution pattern
	Fig2
	Fig3
	NOS1 immunohistochemistry
	NOS 1 immunoblot analysis
	Fig4
	Discussion
	Vibration muscle exercise in bed rest
	Fig5
	Muscle fiber type and size
	Fig6
	Nitric oxide expression
	Effects of muscle vibration in neuro-rehabilitation�or clinical muscle atrophy
	Fig7
	Acknowledgements
	References
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49




