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ABREVIATURAS

En esta tesis doctoral se han utilizado acrénimos correspondientes a la terminologia

anglosajona con la finalidad de utilizar la nomenclatura internacional.

AMP: adenosinmonofosfato

AMPK: adenosinmonofosfato quinasa

ATP: adenosintrifosfato

CMJ: salto en contramovimiento

CMJ60: salto en contramovimiento durante 60 segundos

CO;: didxido de carbono

EPO: eritropoyetina

FC: frecuencia cardiaca

Fio,: fraccion inspirada de oxigeno

HH: hipoxia hipobarica

HIF — 1: factor inducible por hipoxia

H,: hidrégeno

H': hidrogenién (protén)

ITHE: exposicion intermitente a hipoxia

IL1: interleuquina 1

JJOO: Juegos Olimpicos

LH- TH: Living High — Training High (vivir en altitud — entrenar en altitud)
LH-TL: Living High — Training Low (vivir en altitud — entrenar en baja altitud)
LL — TH: Living Low — Training High (vivir en baja altitud — entrenar en altitud)

mmHg: milimetros de mercurio



mmol/L:milimoles por litro

Mg: magnesio

mU/ml: miliunidades por mililitro

NH: hipoxia normobarica

NT: entrenamiento en normoxia

Pao,: presion parcial de oxigeno arterial

PB: presion barométrica

pH: potencial de hidrégeno

O,Hb: concentracion de oxihemoglobina

p: valor estadistico que describe la probabilidad
PFK: fosfofructoquinasa

PGC - 1a: receptor peroxisomaproliferador — activado gamma coactivador — 1 .alpha
PiO,: presion inspirada de oxigeno

SaQ0;: saturacidn arterial de oxigeno

VEGEF: factor de crecimiento vascular endotelial
TNFa: factor de necreosis tumoral — alpha
VFC: variabilidad de la frecuencia cardiaca
VO,;max: consumo maximo de oxigeno

W: vatios (medida de potencia de fuerza)
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CONTEXTO

La mayoria de los deportes involucran tanto el metabolismo aerdbico como el
anaerdbico para generar energia. Sin embargo, considerando la intensidad del ejercicio
realizado, los deportes con un predominio de rendimiento anaerobico requieren una
estructura de entrenamiento mucho mas intensa y especifica. Esta especializacion
incluye la programacion del entrenamiento de fuerza como un factor determinante del
rendimiento final en todos los deportes. Durante acciones muy breves e intensas se
activa principalmente la via de los fosfagenos (anaerobica alactica). Sin embargo,
cuando estas acciones son constantes y repetidas en el tiempo (intervalos) se produce
una acumulacién de fatiga periférica (muscular) aumentando la activaciéon de la
glucdlisis anaerdbica y reduciendo la intensidad de ejercitacion y el rendimiento

deportivo.

De este modo, el objetivo del entrenamiento en los deportes predominantemente
anaerdbicos incluye: a) limitar en la medida de lo posible la influencia de la fatiga
periférica (muscular) en la contraccién muscular mejorando los procesos metabdlicos y
la capacidad de tolerancia a los metabolitos derivados de la glucolisis anaerdbica, b)
mejorar la eficacia de las contracciones musculares maximas a través del entrenamiento
de fuerza especifica en cada disciplina, ¢) mantener un alto nivel de especificidad del
entrenamiento que se asemeje lo maximo posible a la competicion, incluyendo
actividades méximas y supraméximas, d) individualizar al méximo la carga de
entrenamiento en base a la propia respuesta y la recuperacion de los entrenamientos de
cardcter intensivo y e) incrementar el nivel de estimulacidon sistémica y fisica a medida

que el nivel y la experiencia del deportista aumentan.

En base a estos objetivos, este trabajo ha valorado la eficacia del entrenamiento de
fuerza especifica en condiciones de hipoxia intermitente y su influencia en el

rendimiento anaerdbico. Para ello se comprobd:

- Si el entrenamiento de fuerza resistencia en condiciones de hipoxia intermitente puede

ser valido para mejorar el rendimiento anaerdbico.

- Si el estimulo de entrenamiento en hipoxia provoca respuestas adaptativas a nivel
metabolico (respuesta del lactato), cardiovascular (frecuencia cardiaca) y sobre el

sistema nervioso autdnomo (respuesta simpatico-vagal).
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- Si la intensidad realizada durante ejercicios de fuerza resistencia es equivalente en

condiciones de hipoxia y normoxia.

PRINCIPIOS DEL ENTRENAMIENTO DEPORTIVO

La teoria del entrenamiento deportivo establece una serie de principios que ordenan y

clarifican la aplicacion del proceso de entrenamiento para maximizar el rendimiento

deportivo (ver Tabla 1) ".

Principios del entrenamiento deportivo

Unidad Especificidad Sobrecarga Supercompensacion | Continuidad | Recuperacion | Individualidad

funcional

Entrenamiento | Entrenamiento lo | Cargas Equilibrio entre las | La Para obtener | Las respuestas

de todos los | mas parecido | suficientemente | cargas especificas, | aplicacion los en cada

sistemas a la | posible a la | adecuadas para | intensivas y de | de beneficios de | persona son

vez 'y su | competicion crear recuperacion. estimulos los procesos | unicas. Los

interaccion. (fisica y | variaciones en debe ser | de carga. estimulos

fisiolégicamente). | la homeostasis. regular. deben

adaptarse  a
estas
respuestas

Tabla 1. Principios bdasicos de la Teoria del Entrenamiento deportivo

En base a los principios descritos:

a) El principio de especificidad deportiva describe como los estimulos soportados
durante el entrenamiento deben producir respuestas positivas en base a ser

suficientemente relevantes y adecuados a la propia disciplina deportiva *.

b) A lo largo de la preparacidon anual y en la vida del deportista, la orientacion de la
carga de entrenamiento se incrementa desde objetivos generales a especificos

respetando el principio de sobrecarga .

¢) A medida que aumenta el nivel y la edad del deportista, su entrenamiento tiende a
incrementarse en intensidad y especificidad con el objetivo principal de estimular en un
rango maximo todos los sistemas corporales que ya tienen un umbral cada vez mas alto

de rendimiento.

d) La programacion del entrenamiento tiene que seguir una continuidad en sus

estimulos respetando la recuperacion y la individualidad.

-12-



e) Métodos que incrementan el nivel de especificidad e intensidad son utiles para

mejorar las respuestas adaptativas sistémicas y fisica en los deportistas entrenados.

En referencia al punto e): la exposicion a hipoxia en los abajefios, incrementa el
estimulo soportado a nivel metabdlico (anaerdbico) e implica un cambio en el nivel de
especificidad de los sistemas: neuromuscular, cardiorrespiratorio y vascular °. Ademas,

en base a los principios expuestos de la teoria de entrenamiento este método respeta:

- El principio de unidad funcional; porque las condiciones de hipoxia incrementan la
respuesta fisiolégica simultdnea en varios sistemas organicos (metabolico,

cardiovascular, respiratorio, muscular).

- El principio de especificidad, porque a nivel metabolico se requiere una mayor
participacion del metabolismo anaerdbico para generar energia (tanto en reposo como

en actividad) implicando respuestas especificas sobre dicho sistema.

- El principio de sobrecarga; porque la introduccion de ciclos de entrenamiento en
hipoxia pueden contribuir a crear un mayor ajuste a nivel homeostatico que el propio

entrenamiento en normoxia.

- El principio de individualidad; porque en base a la propia respuesta individual, el nivel
deportivo y la edad, el entrenamiento intensivo en hipoxia puede tener potenciales

beneficios en algunos sujetos respondedores a la hipoxia.
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HIPOTESIS DE ESTUDIO

Mejora del rendimiento Anaerobico

Exigencia de estimulos de intensidad maxima | Ejercicios y elementos especificos (en mayor

R R TR I SO T S S R S ok ok ko ok o kb bk ek kbbb

proporcion que generales) de entrenamiento

Exposicion o Entrenamiento en HIPOXIA

energia sin uso de oxigeno

lcapacidad aerdbica = 1 implicacion | 1 dureza y i intensidad
metabolica anaerobica para generar | (perceptiva/subjetiva) pero minimamente

reducido en rendimiento anaerébico)

Entrenamiento de Fuerza y Potencia en Hipoxia
("Strength High - Living Low")

El entrenamiento de fuerza es
un elemento bésico en la
preparacion de los deportes
con un predominio del
rendimiento anerobico.

En condiciones de hipoxia la intensidad de ejercitacion puede ser
mantenida con el entrenamiento de fuerza en comparacion con
normoxia. Este aspecto favorece ambos objetivos: 1) aumento de
la intensidad de esfuerzo y 2) incremento de la especificidad
metabodlica anaerdbica en hipoxia (mayor implicacion de la via
para generar energia durante el ejercicio en hipoxia)

Figura 1.Esquema resumen de la hipdtesis de estudio.
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PARTE 1: RENDIMIENTO ANAEROBICO

RENDIMIENTO ANAEROBICO: DEFINICION Y MEDICION

El concepto anaerdbico hace referencia a la capacidad de vivir sin presencia de oxigeno
libre o aire *. Durante la actividad fisica, tanto en condiciones de hipoxia como en
normoxia, se relaciona con las condiciones fisiologicas en las cuales los procesos de
absorcion y transporte de oxigeno estan deteriorados provocando que la produccidn de
energia a nivel muscular sea sin presencia de oxigeno. Precisamente el concepto de
déficit de oxigeno fue el primer término atribuido a la definiciéon de capacidad
anaerébica ° y posteriormente modificado incluyendo los componentes lactico y alactico
% como residuo metabdlico asociado a la glucélisis. Sin embargo, desde estos estudios
iniciales hasta el presente, muchos investigadores han definido la capacidad anaerdbica
desde visiones diferentes ’ sin Ilegar a una definicion universalmente aceptada por todos
e incluso poniendo en duda que el substrato energético sea el principal factor limitante

del rendimiento fisico .

El proceso de medicion del rendimiento anaerdbico incluye la valoracion de la potencia
o la capacidad maxima en funcion de la intensidad y la duracion del trabajo realizado.
Estas mediciones pueden realizarse en test de laboratorio (en condiciones estables) o en
trabajo de campo, midiendo especificamente el rendimiento de cada deporte ’. Estos test

incluyen '*:

- Los test de potencia anaerobica incluyen la medicion de la fuerza-velocidad a
través de test de valoracion indirecta (carrera de 30 metros, test salto vertical -
horizontal, test de lanzamientos con balén medicinal, en cicloergémetro,
escaleras, etc.). Los resultados que aportan diferentes medidas pero se ha
descrito que correlacionan bien entre ellos.

- Por el contrario, para medir la capacidad anaerobica se valora: el déficit de
oxigeno acumulado, test ergométricos méaximos o en rendimiento estable
midiendo el lactato acumulado. Estos test son menos concluyentes y sus
resultados correlacionan menos entre si que los de potencia anaerdbica. Ademas
estan influenciados por la efectividad del rendimiento aerdbico que participa
durante su ejecucion pudiendo no dar exclusivamente mediciones de la

capacidad anaerobica.
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En funcién de la intensidad (maxima o supraméxima) y la duracion de las acciones
(menor o mayor de 10 segundos), el metabolismo anaerdbico puede solicitar la
activacion de la via lactica o alactica. La via lactica utiliza casi exclusivamente glucosa
como fuente de energia y su degradacidon se realiza sin presencia de oxigeno en el
interior de la célula (glucdlisis anaerdbica). En cambio, la via alactica utiliza
prioritariamente fuentes de ATP o fosfagenos (creatina o fosfato inorgénico) siendo
estas limitadas a un periodo muy breve (6-8 segundos), sin presencia de oxigeno (dentro

del sarcoplasma de las células) y con una produccién minima de metabolitos '

En base al principio de especificidad e intensidad, anteriormente descrito (ver Tabla 1),
en condiciones de hipoxia, la menor capacidad de absorcion y utilizacién de oxigeno en
condiciones de hipoxia incrementa la intensidad relativa de esfuerzo '* y aumenta la
degradacion de los depésitos de glucégeno . Todo este proceso aumenta el grado de
desequilibrio en la produccion de energia muscular '* debido posiblemente a un efecto
directo sobre el higado ° o a los niveles plasmaticos mas altos de epinefrina. También
aumenta el flujo sanguineo '° y el transporte de glucosa hacia el musculo para su

almacenamiento !”.

(PORQUE REALIZAR EL ENTRENAMIENTO DE FUERZA EN
HIPOXIA INTERMITENTE? INTERES E HIPOTESIS DE ESTUDIO

La fuerza es la capacidad fisica condicional mas determinante en el rendimiento
deportivo porque estd involucrada en el desarrollo de todos los movimientos '*. Komi et
al ' definié la fuerza en base a todos aquellos cambios o tendencias que afectan al
estado de reposo, al movimiento o al cambio de movimiento a reposo. El trabajo fisico
realizado es equivalente a la fuerza expresada a través del desplazamiento sin limitacion
en el tiempo y se define por la intensidad de sus acciones y su duracion. Estos
parametros (intensidad y duracion) definen metabdlicamente la energia obtenida para
producir un tipo u otro de fuerza *°. Como ejemplo; la potencia muscular es la
manifestacion directa de la fuerza explosiva y la energia se genera mayoritariamente a
través de fuentes de energia anaerdbicas. Las fibras involucradas en este tipo de
contracciones son mayoritariamente de contraccion rapida, mostrando una alta actividad
de la miosina para la liberaciéon de ATP y una baja densidad de mitocondrias y
sarcoplasma. Este tipo de acciones se repiten constantemente en los deportes colectivos

(acciones como aceleraciones maximas, cambios de direccion, saltos verticales,
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acciones de remate, etc.) favoreciendo la acumulacién de fatiga por la recuperacion

incompleta entre ellas y la acumulacién de metabolitos *'.

Distinguimos diferentes manifestaciones de la fuerza ':

- Fuerza mdxima; cuando la fuerza a vencer sea alta y la accion unica o no repetida en

breve tiempo (p.ej. una maxima repeticién en una prueba de halterofilia).

- Fuerza explosiva o potencia; la resistencia a vencer es moderada, con duracidon corta
pero a altas velocidades de ejecucion (p.ej. saltos repetidos, lanzamientos o elementos
gimnasticos) y comprende a su vez 3 tipos: potencia explosiva, maxima potencia y

potencia resistencia.

- Fuerza resistencia; cuando el tiempo de mantenimiento de la contraccion en oposicidon

a la fuerza sea largo con una carga a vencer baja, se manifestara la fuerza resistencia.

El entrenamiento de la fuerza en el deporte debe ser lo mas especifico posible en
relacion al tipo de deporte y a las acciones realizadas. La mejora de los pardmetros de
fuerza especifica implica una mejora en la eficacia de las acciones porque la influencia
de la fatiga es proporcionalmente menor. Se ha demostrado como la mejora de la fuerza
explosiva correlaciona directamente con la mejora en el rendimiento especifico

. . . . )
deportivo incluso en pruebas de resistencia aerobica ~*.
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Respuesta
Fisiologica y
muscular

Entrenanamiento
fisico en HIPOXIA

Entrenamiento de | MEJORA DE A
de la FUERZA E
ESPECIFICA DURANTE (s
DEPORTIVAS (E

CONOMIA ENERGET]

ICA
ACCIONES ESPECIFICAS
FICIENCIA ENERGET|CA:
, CHUT,

CARRERA, PEDALEO, NADO
SALTOs...)

- Fuerza resistencia

- Fuerza Explosiva/potencia

E 5 .
-Fuerza Maxima STIMULACION METABOLICA
ESPECIFICA

Figura 2. Esquema descriptivo del entrenamiento de fuerza en hipoxia y los objetivos fisiologicos implicados.

Cuantitativamente, Bailey > describi6 la evolucién del numero de estudios existentes
sobre el rendimiento deportivo y la hipoxia, destacando marcadamente el interés
creciente desde 1990 hasta la actualidad. Existen 3 métodos bien descritos y aplicados
con rigor cientifico diferenciando entre la hipoxia crdnica (estancias de larga duracion,

.. . . . .. 24
viviendo y entrenando) e intermitente (periodos cortos viviendo o entrenando) “*:

“Live High-Training High” (hipoxia cronica en altitud natural)
- Me¢étodos de exposicidn y entrenamiento en altitud simulada:
o 1) “Live High-Training Low” *°.

o 2)“Live Low-Training High” *°.

En base al trabajo planteado, la utilizacion de un protocolo de entrenamiento de fuerza
en hipoxia intermitente nos puede aportar un aumento de la intensidad relativa de
esfuerzo y un incremento en el nivel de estimulacion sistémica a varios niveles. Ademads,

los protocolos de entrenamiento en hipoxia intermitente tienen el beneficio de evitar los
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inconvenientes de las estancias prolongadas (deficiencias cognitivas, atrofia muscular,
pérdida de peso, fatiga, alteraciones en el suefio, estrés oxidativo, etc.) *’. Para
reproducir las condiciones de la altitud simulada intermitente se utilizan las camaras
hipobdaricas y normobaricas. Estudios previos han descrito beneficios con este tipo de

entrenamiento en el rendimiento anaerébico 25

pero no con métodos de entrenamiento
de fuerza especifica. La realizacion de este trabajo ha pretendido dar respuesta a

diferentes cuestiones importantes para validar el uso de este método:

- (Diferentes condiciones de hipoxia afectan el rendimiento fisico anaerdbico? (Existe
una reduccion de la potencia de fuerza generada en hipoxia en comparacién con

normoxia?

- (El entrenamiento de fuerza tiene una transferencia real al rendimiento especifico en

base a la mayor estimulacion fisiologica soportada en hipoxia?
- A nivel metabdlico, ;que ocurre con la respuesta lactacida, cardiaca o neural?

Con el objetivo de dar respuesta a estas preguntas se han disefiado una serie de estudios

llevados a cabo durante la realizacion de esta tesis doctoral (Figura 2).
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PARTE 2: ;POR QUE PUEDE CONTRIBUIR EL ENTRENAMIENTO DE
LA FUERZA EN HIPOXIA INTERMITENTE PARA MEJORAR EL

RENDIMIENTO ANAEROBICO?

El entrenamiento intermitente en hipoxia puede contribuir a potenciar el metabolismo
anaerdbico siempre que la intensidad realizada sea equivalente a las condiciones de

normoxia *’. Esta mejora se base en '

- Un aumento de la intensidad relativa de esfuerzo que contribuye a crear respuestas

adaptativas especificas a nivel del musculo esquelético.

- Un incremento de la especificidad del estimulo metabdlico soportado (anaerdbico) que
favorece la utilizacion de glucégeno como fuente energética y una mayor tolerancia a

los residuos producidos.

Diferentes estudios han concluido como el rendimiento anaerdbico puede ser mantenido

o ligeramente reducido en condiciones de hipoxia moderada en comparacion con

32-35 36

normoxia . En un meta-analisis realizado durante su tesis doctoral, Wortman
concluye que el entrenamiento maximo y supramaximo (de caracter anaerdbico)
realizado en condiciones de hipoxia intermitente es un método valido para mejorar el
rendimiento anaerdbico. Para ello se deberia aplicar un método de entrenamiento con

las siguientes pautas:

- Realizar un ciclo minimo de 15 dias de entrenamiento.

- Altitud de entrenamiento entre 2500-3000 metros (simulada o real).

- Duracion minima de 97 minutos por sesion durante 6 dias a la semana.

- La intensidad minima del ejercicio debe ser superior al 60-65% del VO,max. Menor
intensidad no causa efecto. Pre-requisito que se mantenga intensidad idéntica o similar a

las condiciones de normoxia.

- El rendimiento méaximo se alcanzaria a los 8 dias posteriores al ultimo entrenamiento

en condiciones de hipoxia.

-20-



1.1. DEFINICION DE HIPOXIA Y TIPOS

El término hipoxia se define como cualquier combinacion de presion reducida
barométrica (PB) y / o una reduccién de la fraccion inspirada de oxigeno (FIO2) que
finalmente resulta en una presion inspirada de oxigeno (PiO2) menor de 150 mmHg *.
Ante estas condiciones el organismo responde desencadenando mecanismos de
aclimatacién ** pudiendo ser eficientes o no. Se pueden generar condiciones de hipoxia
artificial a través de la hipoxia hipobarica (HH; FIO2 = 20,9%; PB <760 mmHg) y
normobdrica (NH; FIO2 <20%; PB = 760 mmHg) ** (Figura 3). No existe un consenso
claro sobre las posibles diferencias existentes entre ambas en relacién con la altitud
natural. Recientes investigaciones que han valorado: la ventilacion, el balance de fluidos,
el metabolismo del 6xido nitrico y el rendimiento deportivo, han concluido que la
hipoxia hipobarica produce un estimulo mas intenso que la normobérica provocando

o, . , . 40
respuestas fisioldgicas mas agresivas .

Caida de la presion
barométrica ambiental
simulando las
condiciones de presion
alveolar de todos los
gases en altitud

hipobarica

simulada

AY4
J \\

hipoxia

natural Reduccion de la
concentracién de
oxigeno en el
ambiente simulando
la presion parcial de
oxigeno en altitud

normobarica

\. J

Figura 3. Tipos de hipoxia (real y simulada)
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A medida que las condiciones de hipoxia aumentan se reduce la capacidad de absorcion
de oxigeno y existe proporcionalmente un descenso en el rendimiento fisico humano de
manera global. Esta reduccion en la eficacia del metabolismo aerdbico en condiciones
de hipoxia contribuye a requerir una mayor implicacion del metabolismo anaerdbico
para generar energia tanto en condiciones de reposo *' como durante ejercicio fisico **
(Figura 4). Wehrlin and Hallen et al ** describieron este proceso fijando esta reduccion
en un 6,3% menos en el maximo consumo de oxigeno y un descenso de la saturacion de
oxigeno de 5,5% cada 1000 metros. La propia variabilidad y respuesta individual a la
hipoxia puede reducir o aumentar estos niveles en base a los mecanismos de

aclimatacién desencadenados.

Rendimiento fisico anaerdbico

A 4

Estimulos fisicos de alta intensidad y

maxima especificidad

Entrenamiento de las cualidades fisicas Intervenciones en hipoxia:

condicionales y coordinativas en
- Pasiva (“Training low-Live High”)

normoxia
- Activa (“Training High-Live Low”)
Incremento de la respuesta Incremento del estimulo de Aumentar el uso metabdlico
hematopoyética y muscular entrenamiento anaerdbico a nivel periférico

Figura 4. Objetivos del entrenamiento anaerobico en condiciones de hipoxia.
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Puntos clave:

- Las condiciones de hipoxia dificultan la capacidad fisioldgica de absorber oxigeno
ambiental y pueden ser sufridas de manera natural o artificial (hipobarica y

normobarica).

- A medida que las condiciones de hipoxia aumentan, existe un gradual descenso de
la capacidad aerobica maxima y la saturacion arterial de oxigeno lo cual limita el

rendimiento fisico de resistencia (principalmente aerobica).

- Las condiciones fisiologicas desencadenadas por este proceso son mas especificas
para estimular el rendimiento anaerébico, pudiendo ser utilizadas para mejorar el

rendimiento via mayor estimulacién metabodlica, muscular y psicologica.

- Recientes estudios en esta linea pueden popularizar el método de entrenamiento

intenso, intervalico e intermitente en condiciones de hipoxia.

1.2. INTERES CIENTfFICO POR EL EFECTO DE LA HIPOXIA EN EL
RENDIMIENTO FISICO HUMANO

Una destacable poblacion de aproximadamente 150 millones de personas viven en
altitudes iguales o superiores a 2500 metros **. En estas condiciones, sus habitantes son
mas susceptibles de generar altos niveles de radicales libres y oxidantes en comparacion
con los abajefios **. Debido a ello y a las actividades que se realizan en estas
condiciones, ha existido un interés cientifico por valorar y entender las respuestas

fisiologicas desencadenadas en estas condiciones.

Encontramos las primeras referencias hace 2000 afios, cuando en expediciones
montafiistas se citaban casos de mala tolerancia a altitud y se describian los efectos que

provocaba *°. En 1913, Ravenhill fue el primero en describir el mal agudo de montaia
y las causas de la formacion de los edemas de pulmén y de cerebro *”**. Pese a estas
dificultades de aclimatacion, las diferentes poblaciones residentes en condiciones de

altitud han desarrollado mecanismos fisiologicos de compensacioén para reducir estos
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efectos adversos *°. Por el contrario, los abajefios necesitan un proceso de aclimatacion

.. . . 50
cuando se exponen a condiciones de hipoxia moderada o severa ™.

En el campo de la investigacion ha habido un crecimiento exponencial (desde la década
de 1990 hasta la actualidad) en el nimero de estudios centrados en valorar el efecto de
la exposicion y entrenamiento en condiciones de hipoxia sobre el rendimiento fisico .
Durante este proceso se ha generado amplio campo de investigacion especializado que
incluye terminologia y conceptos propios. Durante la realizacion de esta tesis doctoral,
se ha realizado un andlisis minucioso utilizando bases de datos cientificas como:
www.ncbi.nlm.nih.gov/pubmed, incluyendo todos los estudios publicados desde 1900
hasta la actualidad. En el Anexo 1 se adjunta una lista completa de las palabras clave
generadas (keywords) y una lista de estudios relevantes en cada época relacionados con

los objetivos de este estudio (ver Anexo 2).

Puntos clave:

- Incremento exponencial en el nimero de estudios desde mediados del siglo XX

hasta la fecha, describiendo un creciente interés.

- En condiciones de hipoxia existe un mayor estrés soportado a nivel sistémico
generalizado: cardiovascular, circulatorio, metabolico y muscular que directamente

estan relacionados con el rendimiento fisico.

- Mejora de programas de entrenamiento utilizando hipoxia con la aparicion de

aparatos que simulan altitud.

- Incremento de estudios cientificos que describen respuestas fisiologicas especificas

(hormonales, genéticas...) debido al incremento de métodos de valoracidn cientifica.

- Incremento de los estudios que valorar la especificidad de la exposicion y

entrenamiento en hipoxia para la mejora del rendimiento fisico anaerdbico.

- Crecimiento del lenguaje cientifico y especializado que contribuye a crear un

campo de investigacidn especifico sobre la fisiologia de la altitud
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1.3. RESPUESTA ORGANICA ANTE LA EXPOSICION A HIPOXIA
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Figura 5. Resumen de los mecanismos de respuesta fisiologica a la hipoxia para la mejora del rendimiento deportivo.
Adaptado de Truijens *'

Pese a estas respuestas generales, el efecto producido por las condiciones de hipoxia en

cada sujeto es diferente y depende de diversos factores >*:

- Larespuesta individual.

- El tiempo de exposicidn o entrenamiento.
- La aclimatacion previa.

- Laaltitud de exposicion.

- El tipo de actividad realizada en altitud.

- El tipo de exposicién activa o pasiva.

- Del nivel deportivo del sujeto.

Es importante sefialar los cambios que pueden inducir las condiciones de hipoxia en la
fatiga y en los sistemas orgédnicos durante la exposicion y entrenamiento (Figura 5). Los
métodos de entrenamiento que utilizan la hipoxia intermitente buscan reducir los efectos

adversos de la exposicion y entrenamiento cronico. Pese a ello, se han descrito cambios
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fisiologicos que seria importante describir. A continuacidn se exponen los principales

efectos de la hipoxia sobre la fatiga y los sistemas corporales.

1.3.1. Efectos de la hipoxia en la fatiga: central y periférica. ;Como
puede afectar en ella el entrenamiento intensivo en hipoxia?

El ejercicio fisico, tanto en hipoxia como en normoxia, provoca fatiga a nivel global
afectando el rendimiento central y periférico. La fatiga es un término que hace
referencia a la imposibilidad de mantener un estado estacionario entre aporte-demanda
de nutrientes y oxigeno debido a una deplecion de substratos, generalmente relacionada
con ejercicios de larga duracién y baja intensidad de fuerza >, o por una acumulacion de
metabolitos, como ocurre en ejercicios de maxima intensidad, duracion corta y maxima
exigencia de fuerza **. Cuando esta fatiga afecta al cerebro, puede existir una limitacion

en la transmision de informacién periférica (Figura 6) .

Durante la actividad fisica, el efecto de la fatiga puede incidir en 2 niveles

interrelacionados entre si (Figura 6):

- Fatiga periférica; que se relaciona con un descenso en la capacidad de mantener la
aplicacion de fuerza en la misma intensidad debido a la menor eficiencia de la

contraccién muscular > Ilegando al fracaso en la accion de contraccidn-relajaciéon >*.

- Fatiga central; que se relaciona con procesos fisioldgicos en los que participa el
sistema nervioso central. Esto incluye el fallo en el control de las tareas (motricidad)

debido a un deterioro en la transmisién de la orden hacia las motoneuronas >°.
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Cerebro
Informacion aferente Activacién neural
Regulador central ctivac ¢
sensorial sobre el estatus reducida eferente de los
metabolico del corazén musculos activos
Amenaza de hipoxia \
] P ,
Corazon N miocardica o isquemia Misculos
A A
Regulador periférico

La isquemia puede actuar directamente y reducir la funcién contractil

Figura 6. Esquema que representa la teoria del control central. Esta teoria describe como la informacion aferente
informa al cerebro sobre cualquier amenaza que la hipoxia o la isquemia pueda afectar en los organos. En respuesta
a ello, el control central a través de la corteza motora, reduciria la informacion eferente hacia los musculos
reducg'gndo la masa muscular reclutada y por lo tanto la intensidad de ejercicio a ejercer. (Modificado de Noakes TD,
2001 "

A medida que la fatiga muscular aumenta (periférica), existe un deterioro en la
transmision nerviosa y con ello una reduccién en la precision de las contracciones y de
la eficacia de las acciones motrices . Durante este proceso existe una mayor actividad
cortical (central) y en base al nivel de fatiga percibida y procesada por el cerebro, este
puede incrementar su participacion inhibiendo la accion de sistemas como el
cardiovascular para descender el nivel de exigencia fisica >. En deportes con elementos
técnicos determinantes para competir, este fenomeno puede tener mucha importancia en
el rendimiento final debido a que las acciones técnicas pierden eficiencia y precision. La
fatiga no es el unico elemento que puede comprometer el rendimiento fisico, aspectos
ambientales como el frio o la altitud también pueden producir que el sistema nervioso
central limite las acciones de los sistemas periféricos para mantener la homeostasis
interna y asegurar la propia supervivencia del sistema nervioso central >’. En

condiciones de hipoxia, el efecto de la fatiga se acenttia > y puede entenderse:
- Que tiene efectos de inhibicion en el control autondmico y la conduccién motora *°.

- Que este efecto puede ser el principal causante del descenso en la intensidad o el cese

de la actividad fisica (Figura 7) **.
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- Amman et al

, tomando como dato la saturacidn arterial de oxigeno para la influencia
de la hipoxia en el organismo, describid como por encima del 70% de saturacion arterial
de oxigeno, la fatiga influia en el rendimiento periférico y por debajo de estos niveles se
producia un efecto de autodefensa del sistema nervioso central. Sin embargo, para

alcanzar estos niveles de Sa0O, es necesario un ejercicio de moderada duracion. 60

- Que en contraste a lo que ocurre a nivel cerebral, el decremento de oxihemoglobina a

nivel muscular es similar en condiciones de normoxia e hipoxia o,

Distribucion del oxigeno muscular Demanda de oxigeno

muscular

Salida del corazén

l

Contenido de oxigeno sanguineo

Fy

Distribucion del oxigeno

Y

en el miocardio

h 4

Masa células rojas

h 4

h 4

. ] j Fluido coronario
Concentracion de oxigeno sanguineo

I

Contenido de oxigeno sanguineo

sanguineo

Figura 7. Fuente: Modificado de Noakes® . Esquema que muestra como cambios en la concentracion de oxigeno en
sangre reducen el suministro de oxigeno arterial tanto a los musculos esqueléticos como al corazon. Si el corazon es
dependiente de los musculos, como predice la teoria cldsica, la salida de oxigeno del corazén debe aumentar
durante la hipoxia para garantizar que el suministro de oxigeno a los musculos esqueléticos se mantenga. En
contraste, la teoria del “gobernador central” predice que el gasto cardiaco caera durante la hipoxia en proporcion
a la reduccion de suministro de oxigeno al corazon, especificamente para evitar dafio hipéxico al corazén y otros
organos vitales incluso, tal vez, el cerebro y las vias respiratorias musculos.

El efecto de la desoxigenacion a nivel cerebral es mucho mas marcado en hipoxia que
en normoxia y limita a la vez la respuesta motora y el rendimiento deportivo (Figura 7).
La velocidad de recuperacion de oxigenacion cerebral parece ser igual en ambas
condiciones pero a niveles diferentes (mas bajos siempre en hipoxia). Sin embargo, se
ha descrito como esta respuesta tiene gran variabilidad individual, pudiendo ser un

, ., . . 62
método de valoracion de la respuesta a hipoxia .
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1.3.2. Efecto de la hipoxia sobre los sistemas corporales

En condiciones de hipoxia, los abajefios desencadenan una respuesta fisioldgica de
respuesta ante la ineficacia aguda sufrida . Esta dindmica no es diferente, e incluso
puede ser mas acentuada, en los deportistas de €lite que en los no élite, debido a la gran
sensibilidad percibida ante los cambios provocados por situaciones que afectan el
descenso en el rendimiento *. Los cambios fisioldgicos se aprecian a diferentes niveles
en los sistemas cardiorrespiratorio, muscular, metabdlico, de expresion de genes y
sanguineos. En condiciones de hipoxia crénica es importante que el deportista genere
respuestas adaptativas para mantener un equilibrio organico y poder ser eficiente
durante el ejercicio fisico. Sin embargo, incluso siendo buenos respondedores a estas
condiciones, los abajefios descienden su rendimiento fisico (aerdbico) debido al
descenso en la capacidad de absorcidn y transporte de oxigeno. Esta situacion no ocurre
cuando se realiza ejercicio maximo de corta duracién (anaerdbico) en hipoxia

intermitente sin necesidad de aclimatacién *2.

El término aclimatacion se usa para describir las alteraciones fenotipicas que hay en
respuesta a la hipoxia . Los mecanismos compensatorios desencadenados en un primer
momento (respuesta aguda) se manifiestan, incluso en reposo, con un aumento de la
ventilacidn, el ritmo cardiaco y la diuresis renal. Los ajustes en la ventilacidén vienen
determinados por una respuesta a la menor presioén parcial de oxigeno que reduce la
presion parcial de CO;, en la sangre y aumentando asi el pH arterial (alcalosis
respiratoria). Se produce una taquicardia acoplada a la hiperventilacion. Ademas, el
cuerpo intenta excretar bicarbonato a través de los rifiones para recuperar el equilibrio
del pH sanguineo y compensar la alcalosis respiratoria. La respuesta de diuresis
incrementada tiene efectos favorables ya que induce un cambio en la curva de
disociacion de la hemoglobina y también hemoconcentracién por la reduccion del
volumen plasmatico, pero también mayor riesgo de deshidratacion. Esta respuesta aguda
se puede traducir en un aumento de viscosidad sanguinea y una mayor dificultad en el

transporte de oxigeno en los pulmones vy tejidos °.

Las ventajas e inconvenientes que puede aportar el entrenamiento o la exposicion a
hipoxia dependen individualmente de las condiciones de entrenamiento, del nivel fisico
de los deportistas y de la susceptibilidad individual ***"°. Estudios que comparan

nativos de altura y abajefios, describen como los nativos de altitud tienen una mayor
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adaptacion a la situacion de déficit de oxigeno persistente con una mayor capacidad
amortiguadora del pH muscular, mayor capacidad de consumo de oxigeno (Vozmax),

mejor intercambio gaseoso y una saturacion arterial de oxigeno mas alta durante el
ejercicio en condiciones de hipoxia. A nivel muscular no se encuentran diferencias en la
distribucion de fibras, capilares o enzimas oxidativas ®*’'. Estas conclusiones reafirman
la idea de que los deportistas nativos en altitud tienen ventajas durante la realizacion de
actividad fisica en condiciones de hipoxia frente a los abajefios. No requieren un
proceso de aclimatacion previa, realizan entrenamientos de mayor calidad, tienen
procesos de recuperacion adecuados, respuestas adaptativas crénicas en todos los

sujetos. Por el contrario, los abajefios sufren los efectos contrarios.

Puntos clave:

- El efecto que provoca la hipoxia sobre los sistemas corporales es individual (en
cada sujeto) y dependiente del tipo, tiempo y ejercicio durante la exposicién a

hipoxia.

- De modo general existe consenso respecto a que la altitud de 2200-2500 metros
genera las condiciones minimas para inducir una respuesta hematopoyética positiva

para el rendimiento fisico de resistencia (92% de Sa0,).

- El ejercicio fisico en hipoxia agraba estas respuestas fisioldgicas pudiendo ser
favorables o desfavorables en funcion del tipo de entrenamiento seguido, el tiempo

de exposicion y la propia respuesta individual.

A continuacidn se describen las principales respuestas producidas a nivel sistémico en
respuesta a la exposicion y ejercicio en hipoxia. Muchas conclusiones son descritas a

nivel genérico (no individual).

1.3.2.1. Sistema cardiorrespiratorio

La respuesta cardiorrespiratoria frente a la exposicion y ejercicio en condiciones de
hipoxia engloba principalmente una reduccién del rendimiento aerobico y

principalmente remite las siguientes conclusiones:
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Las condiciones de hipoxia reducen la eficacia del sistema cardiorrespiratorio
durante el ejercicio aerdbico pero no afecta a nivel anaerdbico. Se ha descrito
como a 610 metros de altitud ya existe una reduccion en el consumo maximo de

72,73

oxigeno en atletas de élite mostrando una mayor sensibilidad a la hipoxia o a

" Los mecanismos desencadenantes de esta

cambios en el rendimiento
reduccion en la capacidad aerdbica incluyen la hipoventilacién, una inadecuada
ventilacion-perfusion y una limitada difusién alveolar-capilar >,

El mayor esfuerzo durante el ejercicio en hipoxia provoca respuestas adaptivas a
nivel cardiaco que explicarian una mejora en el consumo de oxigeno a través de
la mayor capacidad de eyeccion cardiaca. Svedenhag et al " describié como un
mes de entrenamiento a 1900 metros de altitud en esquiadores de fondo
aumentaba la masa muscular ventricular izquierda entre un 9 y 10%.

El aumento de la frecuencia respiratoria se asocia a una reduccion del tono vagal
76 Ademés, el diafragma sufre una fatiga aumentada descrita por los mayores
niveles de flujo sanguineo y lactato asociados "’

El aumento de la frecuencia cardiaca basal en situacion de reposo durante
periodos de entrenamiento en hipoxia puede ser un indicador de mala adaptacion
a la hipoxia y de fatiga fisica acumulada "*".

Existe una relacion directa entre la formacion de EPO y el aporte de oxigeno al
organismo. Por ello la formacion de EPO estd conservada cuando el aporte de
oxigeno es suficiente o ligeramente reducido, pero aumenta bruscamente en caso

contrario cuando la tension de oxigeno es tan reducida que existe una sefial de

alarma en el deterioro de las funciones vitales del organismo *°.
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Puntos clave:
La respuesta individual puede aumentar o disminuir estas respuestas:

- Descenso del VO,max en hipoxia (Ten deportistas de élite).

- Efectos: hipoventilacion (inadecuada ventilacion perfusion y limimata
difusion alveolocapilar), Ttrabajo diafragma asociada a fatiga (Ttrabajo
anaerébico; T lactato).

- Posibilidades de un incremento de la masa muscular ventricular izquierda
con entrenamiento en hipoxia.

- ldel tono vagal. Tfrecuencia cardiaca submaxima. Recuperacion
dificultada.

- Tregulacion cardiaca a través del sistema nervioso auténomo.

- Relacién entre {presion alveolar y Tformacién de EPO.

1.3.2.2. Respuestas sanguineas

Cuando el tiempo de exposicion a hipoxia es suficientemente largo, existen
modificaciones en las variables hematoldgicas que pueden expresar la buena o mala
respuesta individual. Pese a la controversia en algunos aspectos analizados, se ha
descrito que existe una relacidon entre la presion parcial de oxigeno arterial (PaO;) y la
masa de las células rojas, con un punto de inflexioén critico de la PaO, a 67mmHg,
equivalente a una saturacion arterial de oxigeno (Sa0O,) de 92% (equivalente a una
altitud de 2200-2500 metros). Esta saturacion (92%) es el punto en el cudl se inicia el
estimulo eficiente de la eritropoyesis  y de manera especifica se describen las

siguientes respuestas sanguineas en respuesta a la exposicion a condiciones de hipoxia:

-La EPO es una hormona glucoproteica que regula la proliferaciéon y diferenciacion de
las células rojas ®'. Su produccion esta regulada por la reduccién del contenido arterial
de oxigeno mediada a su vez por anemia o hipoxia. Cuando el ser humano se expone a
condiciones de hipoxia, se desencadena un aumento en la formaciéon de EPO. Blerglund
et al *, describié incrementos del 1% semanal con estancias entre 1829 y 3048 metros.
Sin embargo, durante estancias largas o intermitentes pero constantes (3-4 semanas), la

demanda organica de hierro aumenta y la posible deficiencia puede impedir una correcta

-32-



> Esta variable medida individualmente puede aportar

respuesta hematopoyética
informacién sobre buena o mala adaptacion a hipoxia *°, estando disminuida

marcadamente en sujetos no respondedores.

- Aunque la respuesta hematopoyética es inmediata frente a la exposicidn a hipoxia (24
primeras horas), se considera dptima para el rendimiento deportivo aerdbico después de
4 semanas de exposicién y entrenamiento ** en condiciones de hipoxia moderada

equivalente a 2100-2500 m *'.

- Ge describié como después de 24 horas a 2800m exitio una respuesta individual muy
amplia (41% a 400%) especulando que podria ser debida a la propia variabilidad

genética en relacion con la tolerancia a la presién de oxigeno en el tejido renal *'.

- Durante el ejercicio en condiciones de hipoxia los valores de lactato son mas elevados
y se alcanzan antes que durante el mismo ejercicio (intensidad) en normoxia. Amann
describié como frente a una misma intensidad de ejercicio en hipoxia y normoxia, los
valores maximos alcanzados en normoxia (8 minutos) se alcanzaban a los 2 y 4 minutos
en hipoxia severa y moderada respectivamente. Esta mayor acidosis metabdlica puede
favorecer la inhibicidn de la eritropoyesis y describir la menor respuesta en los valores

hematoldgicos con entrenamientos méximos utilizando hipoxia intermitente *°.

- Aunque podria ser considerado que el entrenamiento de alta intensidad en hipoxia
puede afectar el sistema inmunitario debido al mayor estrés soportado 2, ésto no ha sido
demostrado claramente *°. Sin embargo, algunos estudios describen descensos en el
nivel de glutamina plasmatica después de 20 dias de entrenamiento a 1640 metros =*. El
descenso en los niveles de glutamina se asocia con un aumento de la inmunosupresion y
un descenso en el rendimiento *. Por el contrario, otros pardametros como los niveles
deinterleuquina 1 (IL1), factor de necrosis tumoral — alpha (TNFa), glucosa, glicerol,
acidos  grasos libres,epinefrina, norepinefrina y cortisol no descienden
significativamente en comparacion con ejercicio en normoxia a una intensidad

submaxima .
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Puntos clave:

- Exposiciones y entrenamientos Optimos: 4 semanas, altitud umbral para
generar respuestas minimas (2100-2500m).

- Tproduccién y concentracion EPO (1% semanal) entre 1800-3000m.

- Gran variabilidad en las concentraciones sanguineas de EPO, Fe, lactato.

- 1 niveles sanguineos de metabolitos.

- ldescensos niveles de hierro y glutamina (Tinmunosupresion).

- Niveles de IL1, glicerol, cortisol, epinefrina, noreprinefina y TNFa no se han

reportado diferentes significativamente frente a normoxia.

3.1.2.3. Sistema muscular

El ejercicio fisico en condiciones de hipoxia puede provocar respuestas musculares

- .. , . 8 . ..
positivas sobre el rendimiento fisico *’. Estas pueden ser debidas principalmente a:

- A nivel estructural; el déficit de oxigeno acumulado a nivel muscular favorece la
mayor activacion de diferentes respuestas siempre y cuando exista un estimulo de

. .. . . . 6588
esfuerzo equivalente en condiciones de hipoxia y normoxia

. Durante este proceso
se ha descrito que existe una mayor vascularizacion del tejido muscular *° favoreciendo
el aumento en el nimero de capilares y el tamafio de las fibras . Estas respuestas
adaptativas mejoran la capacidad de tamponamiento del pH muscular y el aclaramiento

. yqe 66
de residuos metabodlicos ~°.

- La respuesta metabdlica, derivada de trabajar muscularmente en condiciones mas
anaerdbicas, se asocia a soportar niveles mas altos de estrés. En respuesta a estas
condiciones (acumulacion constante de metabolitos fruto de una mayor degradacion de
glucdégeno por via anaerobica) puede existir un incremento de los depodsitos de
bicarbonato musculares y con ello una mejora en la capacidad de tamponamiento
muscular *°. También se ha descrito como después de realizar protocolos de
entrenamiento en hipoxia hay una mayor activaciéon de la citrato sintetasa °*%
resultando en una mayor concentraciéon de mioglobina en el tejido muscular ¢’. A nivel
mitocondrial, existe un incremento en el control respiratorio de la creatina, aportando

una mejor integracién entre la demanda y el aporte de ATP °'. Esto incidiria sobre la

mejora de la via alactica (fosfagenos) para generar energia anaerobicamente.
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Este proceso genera un mayor estrés oxidativo con una influencia negativa sobre la
integridad de las membranas celulares . A este respecto, se ha descrito como ingestas
diarias de 300-400 mg de vitamina E podrian ayudar a limitar el dafio oxidativo en los
tejidos .

- Las condiciones de hipoxia aumentan la expresion de genes a nivel tisular que viene
inducida por una mayor activacion de genes dependientes de la sefial de HIF-1. Esta
cascada de sefializacion estimula la correspondiente sintesis proteica en diferentes vias:
eritropoyetina (eritropoyesis), factor de crecimiento endotelial vascular (angiogénesis),
sintetasa del oxido nitrico (vasodilatacién), enzimas glucoliticas (activacion del
metabolismo anaerdbico), hidroxilasa tiroxina (sintesis de catecolaminas) ***°.

- Desde un punto de vista mecdnico, se ha descrito como existe una mayor activacion
electromiografica durante el ejercicio intenso de corta duracion (2 a 4 minutos) en
condiciones de hipoxia en comparacion con normoxia. La activacion electromiografica
en hipoxia severa es igual a los 2 minutos que a los 5 minutos en normoxia % Sin
embargo, a medida que la fatiga aumenta, se reduce proporcionalmente esta activacion y
desciende el nivel de reclutacion de unidades motoras. Estas conclusiones enlazan con
la teoria descrita por Noakes (punto 1.3.1. ; fatiga periférica), en la cudl se describe

como el cerebro puede reducir la activacion motora en base al feedback recibido.

Puntos clave:
En condiciones de hipoxia y ejercicio:

- T estrés oxidativo soportado por las membranas celulares.

- T actividad eléctrica (EMG) de las fibras musculares durante ejercicio de
corta duracidén pero menor con fatiga (moderada y larga duracion).

- T numero de capilares.

- T capacidad tampén del pH muscular y mejora del aclaramiento de
metabolitos.

- Mitocondria = T control respiratorio.

- T activacién citrato sintetasa = T concentracion de mioglobina en musculo.

- La mayoria de respuestas tisulares estan inducidas por la activacion de genes

dependientes de la sefial HIF-1 producida por hipoxia.
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1.3.2.4. Metabolismo

Las condiciones de hipoxia incrementan el uso prioritario de glucdgeno como substrato
energético pudiendo favorecer el rendimiento anaerdbico. De un modo especifico

podemos apuntar las siguientes conclusiones:

- En condiciones de hipoxia, incluso en reposo, la menor capacidad de absorcion de
oxigeno aumenta la participacion del metabolismo anaerdbico para generar energia
aumentando el estrés celular y la acumulacion de metabolitos fruto de la glucdlisis
anaerébica ***°. Este proceso se describe como “estresor” del metabolismo por un
aumento del ratio AMP/ATP incrementando la sefializacion sobre AMPK *°. La
proteina quinasa sérica AMPK (AMP-proteina quinasa activada) responde ante el estado
energético de la célula, inhibiendo el consumo de ATP y activando las vias de

produccién de ATP 7.

- Diferentes estudios describen como existe una mayor utilizacidon de carbohidratos en
detrimento de grasas como substrato energético durante el ejercicio en hipoxia en

comparacién con normoxia ***°. En respuesta, estas condiciones favorecen los procesos

' incrementando la captacién de

101,102

de oxidacién y metabolizacion de la glucosa
glucdégeno por la célula muscular y favoreciendo el rendimiento anaerdbico
Puede contribuir a ello el incremento de la accidén de los transportadores de membrana
GLUT4, mejorando su afinidad con la insulina '® o el incremento significativo de la

accién de las enzimas oxidativas como la PGC-1a °".

- La mayor descomposicion de glucégeno muscular en condiciones de hipoxia y
ejercicio '* produce un mayor desequilibrio energético (a nivel muscular) '**'% que se
asocia a mayores niveles de lactato plasmatico y muscular '***!1°*1°7 Esto implica haber
rebasado esa capacidad de utilizacion en estado estacionario y supone una incapacidad
fisiologica de aclaramiento muscular y de regulacion del pH intrafibrilar pudiendo
provocar una limitacidn de la contraccion y una reduccidn de la intensidad de ejercicio.
Es aqui donde Noakes discrepa porque argumenta que es el cerebro a través del sistema
nervioso el que limita esta accidn para proteger el sistema del fallo orgéanico total (teoria
del comando central). Este proceso vendria determiando por toda una serie de procesos

de memoria aferente y eferente que via feedback inmediato y recurrente ajustarian las

respuestas motoras (ver Figuras 6y 7) 108,
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- El concepto de lanzadera de lactato propone que el lactato puede ser reconvertido a
piruvato y oxidado a CO, y H,O en tejidos con metabolismo aerdbico, o incorporado al

. : . 109
glucogeno, causando que los niveles de lactato desciendan

. Este hallazgo no debe
confundirse con la denominada “paradoja del lactato”, que hace referencia a la menor
capacidad de alcanzar un nivel maximo de lactato en sangre que se ha descrito en

sujetos residentes o aclimatados a la gran altitud (por encima de 4000m).

Puntos clave:
En condiciones de hipoxia (pasiva y activa) se producen cambios metabolicos:

- Tgeneracion de energia anaerébicamente (T utilizacion de glucosa en
detrimento de grasas).

- T estrés celular y Tdesequilibrio energético muscular.

- T acumulacion de metabolitos fruto de la glucélisis anaerdbica.

- T incremento activacion de enzimas oxidativas.

- T consumo de glucosa Tactivacién de AMPK Taccion de los transportadores

GLUT4 Tafinidad a la insulina (membrana celular).

1.3.2.5. Cambios en la expresion de genes

La exposicion a hipoxia genera cambios en la expresion de genes que involucran

respuestas principalmente a nivel metabdlico, hematoldgico y estructural:

- A nivel metabdélico se incrementa la expresion de proteinas de estrés relacionadas con
la sefial sensible a la hipoxia tisular (HIF-1) produciendo cambios desde la fosforilacién
oxidativa a la glucdlisis anaerdbica. Existe un incremento en el metabolismo de la

glucosa debido a la mayor activacion de genes de enzimas glucoliticas y de la glucosa
110

- La proteina HIF-1 es un factor de transcripcién que se expresa universalmente en
todos los tejidos y estd involucrada en la sensibilidad al oxigeno. En condiciones de
normoxia se degrada rapidamente, pero en hipoxia pasa del citoplasma al ntcleo celular

"1y de manera aumentada con el ejercicio fisico

modificando la expresion de genes
independientemente de la intensidad ''°. El factor transcripcional de genes HIF-1

desencadena una cascada de sefiales de control de sintesis de las proteinas involucradas
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en el transporte de oxigeno (eritropoyetina y factor de crecimiento vascular endotelial

(VEGF).

- Relacionado con el rendimiento deportivo, provoca cambios estructurales debido a
que HIF-1 aumenta la densidad y el volumen mitocondrial, la mioglobina, la activacién
de la fosfofructoquinasa (PFK) vy el factor de crecimiento vascular endotelial (VEGF)
"0 En la préctica, el aumento de capilaridad aumenta el aporte de oxigeno y los
nutrientes a las células favoreciendo a la vez la eliminaciéon de desechos de la
combustion anaerdbica. El incremento de mioglobina mejora la capacidad de transporte

y el consumo de oxigeno celular y puede reducir el tiempo de recuperacion.

Puntos clave:
- T transcripcién de sefial HIF-1 provocando:
- T densidad mitocondrial.
- T mioglobina.
- T activacion de PFK, VEGF, genes de enzimas glucoliticas.

- T activacion del metabolismo anaerébico para generar energia.

1.3.2.6. Respuestas individuales frente a las condiciones de hipoxia

La respuesta fisioldgica es diferente en nativos de altitud (highlanders) y abajefios
(residentes en condiciones de normoxia o baja altitud). Tanto en reposo como durante
gjercicio, los highlanders son mas eficientes energéticamente que los abajefios
(reportando menores valores de lactato y consumo de glucdégeno) y més competentes
fisicamente (con un mayor desarrollo de potencia generada en intensidades mas altas de

ejercicio) (ver Figura 8).
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Figura 8. Efecto del efecto agudo y la aclimatacion en ejercicio fisico en hipoxia en residentes en altitud de modo
permanente y a nivel del mar. (b) Efecto del efecto agudo y la aclimatacion durante ejercicio en hipoxia en la
respuesta del lactato en nativos de altitud y nivel del mar. Fuente: Hochachka PW et al 1998 "%,

Para ser considerado un método util para utilizar dentro del plan de entrenamiento, debe
existir una valoracién individual de las respuestas fisiologicas y fisicas ''°. Los sujetos
no respondedores a hipoxia son aquellos que en comparaciéon con los buenos
respondedores presentan rendimientos fisicos y variables fisioldgicas mas reducidas o
negativas en los siguientes niveles ''*: hematoldgico, muscular, cardiorrespiratorio, de
expresion de genes y metabolico. Debe considerarse que el nivel deportivo no influye en
la tolerancia a la hipoxia, pudiendo ser incluso peor en deportistas por su mayor nivel de
percepcién subjetiva del esfuerzo vy la fatiga ''*. Los cambios inducidos por la hipoxia
son perceptibles casi inmediatamente (30 horas de exposicioén crénica) en la respuesta
hematopoyética. Dichos cambios pueden ser medidos durante la fase de aclimatacion o
cuantificando el rendimiento fisico en hipoxia ''*. Sin embargo, independientemente de

su analisis es importante sefialar:

Que estas respuestas de aclimatacidon son revertidas a su descenso al nivel del
mar.
Que los buenos respondedores tienden a mantener estos valores altos

prolongados durante mas tiempo, por ejemplo, no presentan descensos en los
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niveles de hierro tan acentuados durante los procesos de aclimatacion a hipoxia
115

Se ha propuesto especificamente la medicion de esta respuesta a través de dos opciones:

- La valoracidon del propio rendimiento fisico medido en condiciones de hipoxia y

valorando el deterioro en comparacion con normoxia .

. ., . .. .., 116

- La realizacion de pruebas de laboratorio en condiciones de exposicion aguda a
hipoxia y comparando las respuestas en diversos parametros fisioldgicos (valores
hematoldgicos, respuesta ventilatoria, cardiorrespiratoria y efciencia de ambas a través

de la saturacion arterial de O,, recuperacion de la frecuencia cardiaca...).

Puntos clave:

hipoxia, pudiendo apuntar que:
El efecto placebo puede influir en ella.

- La condicién de deportista no es una ventaja.

- Puede medirese la respuesta individual comparando respuestas:
o Hematologica (EPO, hierro, metabolitos...)
o Durante ejercicio fisico especifico (test de campo)
o Respuesta muscular (actividad eléctrica).

o Respuesta cardiaca y respiratoria (fatiga)

en nativos).

o Metabolicamente (Teficiencia energética, Tpotencia generada en altas

subjetivas.
- Existencia de sujetos Respondedores y No respondedores.

- Nativos = respuestas cronicas favorables (T eficiencia):

Existe una variabilidad individual en respuesta a la exposicion y entrenamiento a la

o Percepcion individual de tolerancia a las condiciones de hipoxia (mejor

intensidades en comparacidn con no nativos). Mejores percepciones
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1.3.2.7. Rendimiento deportivo

Pese al gran numero de estudios, existen discrepancias entre los beneficios en el
rendimiento aerdbico y anaerobico. Diferencias en la confeccidon de los estudios, los
parametros medidos, diferentes deportes, etc. han contribuido a dar resultados ambiguos
**En deportes de resistencia (aerdbicos), se ha considerado que la mayor respuesta
hematopoyética tiene una transferencia positiva sobre el rendimiento deportivo aerdbico
5. Sin embargo, como se ha apuntado en el punto 1.3.1.5 (respuesta individual a la
hipoxia), existe la posibilidad de que esta premisa no se cumpla e incluso se deteriore el
nivel deportivo cuando el sujeto no responde bien a hipoxia ''*. Con el fin de evitar los
efectos negativos de la hipoxia cronica (infecciones de las vias respiratorias, problemas
gastrointestinales ', descensos en el volumen muscular y el tamafio de las fibras ''%'"’
e incluso un mayor riesgo de trombosis por un aumento sustancial de la viscosidad de la

sangre) se han utilizado métodos de hipoxia intermitente como el "Living High-Training

Low" o el "Living High-Training Low" utilizando cdmaras hipobaricas y normobaricas.

Por el contrario, ha existido menos investigacion sobre los posibles beneficios del
entrenamiento en hipoxia para la mejora del rendimiento anaerdbico. En el Anexo 2 se
describen los estudios mas relevantes que han valorado el rendimiento anaerdbico y el
uso de hipoxia como método de entrenamiento de los cuales podemos extraer las

siguientes conclusiones generales:

La mayoria de estudios concluyen que el entrenamiento intensivo/intermitente en
hipoxia mejora del rendimiento en pruebas anaerdbicas. Esta mejora se asocia a

cambios en:

o La mejora de la capacidad de mantener la intensidad hasta el
agotamiento.

o El incremento de los umbrales metabdlicos a ritmos maximos (Umbral
anaerobico).

o Mejoras de la capacidad de mantener e incrementar la fuerza especifica

durante el ejercicio especifico (ciclismo, kayak, carrera).

En resumen, los diferentes estudios que han analizado la respuesta anaerobica después

de ciclos de entrenamiento en hipoxia describen que:
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a) La intensidad de entrenamiento durante la exposicién a hipoxia debe ser como
minimo del 60-70% de la frecuencia cardiaca maxima .

b) Con este entrenamiento no se describen mejoras en el VO,max, salvo un estudio de
Dufour, pero si posiblemente mejoras en el tiempo hasta la fatiga 2%,

c) Existen mejoras en el rendimiento incluso después de ciclos de exposicidon pasiva
121.123.124 “ A dia de hoy, existen todavia relativamente pocos estudios que analicen el
rendimiento en especialidades puramente anaerébicas incluyendo en método de TH-LL
durante su programacion de entrenamiento.

d) Como punto negativo, en la mayoria de estudios no se valora individualmente la
intensidad de entrenamiento en ambos grupos (hipoxia y normoxia) como un factor
determinante de la pérdida de estimulacién de entrenamiento.

e) Los métodos mas eficaces para mejorar el rendimiento anaerébico son los protocolos

TH-LH y TH-LL con un incremento del rendimiento descrito de ~4% *°.

En referencia al punto d, Truijens *° apunté la necesidad de entrenar a una misma
intensidad de ejercicio en hipoxia y normoxia para que el efecto del entrenamiento fuera
similar. Para apoyar sus conclusiones, mostré como a nivel metabdlico los deportistas
que entrenaron en hipoxia se ejercitaron a una intensidad marcadamente inferior en el
grupo hipoxia (grupo normoxia: 91,8 % y grupo hipoxia: 71,5 % del Voomax). Este
trabajo efectivo se correlaciona con un menor desarrollo de potencia y con ello una
limitacion de las respuestas a nivel muscular (p.e. sintesis de miosina). De esta manera,
aunque entrenar en condiciones de hipoxia pueda aportar una mayor especificidad
metabolica y de "dureza" percibida, si la intensidad ejecutada no es equivalente a la que
se realizaria en normoxia, se tiende a entrenar "menos" desde un punto de vista absoluto.
Este aspecto es importante para el posible desentrenamiento y pérdida de respuestas

fisioldgicas adquiridas.
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Puntos clave:

Rendimiento anaerdbico después de protocolos de exposicion/entrenamiento en hipoxia:
- Mayor capacidad de trabajo hasta el agotamiento.

- Discrepancias en la mejora de la capacidad aerdbica (VO,max).

- Mejora en la capacidad de aumentar el tiempo de trabajo hasta el agotamiento.

- Mejora de la capacidad de tamponamiento muscular (descrito hasta el 6%).

- Mejora del rendimiento anaerobico especifico en diferentes deportes (hasta un 17%

reportado).
- Mayores niveles de lactato soportados durante ejercicio en hipoxia.

- El descenso del rendimiento aerdbico en hipoxia influye en la recuperacion durante

egjercicios anaerdbicos intervalicos.

- Mejora de procesos especificos musculares (densidad mitocondrial, capilarizacion,

capacidad oxidativa, etc.).
- No incrementos debidos a mejoras en la capacidad de oxigenacion (EPO).
- Mantenimiento de la intensidad de ejercitacion anaerdbica en comparacion con normoxia.

- Algunos estudios reportan discrepancias y dudan de su beneficio. Pese a ello, no existen

estudios que reporten aspectos negativos para el rendimiento anaerobico.
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OBJETIVOS

1. Comprobar y comparar la eficacia del programa de entrenamiento de fuerza
(resistencia y potencia) en condiciones de hipoxia hipobdrica intermitente y normoxia
en deportistas entrenados. Valorar el efecto de dicho programa sobre el rendimiento

anaerdbico.

2. Analizar la respuesta metabolica obtenida con la medicion del lactato al finalizar

los test maximales después de aplicar el programa de entrenamiento.

3. Estudiar si este programa de entrenamiento tiene efecto en el control simpatico-
vagal del sistema nervioso autonomo a través de la recuperacion y la variabilidad de la

frecuencia cardiaca.

4. Comprobar el efecto que produce el entrenamiento de potencia de fuerza en la
saturacion arterial de oxigeno a diferentes condiciones de hipoxia. Analizar si la
influencia de la menor capacidad de absorcion de oxigeno afecta la capacidad de

rendimiento maximo (anaerobico).
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INFORME DEL DIRECTOR DE LA TESIS DOCTORAL SOBRE EL
IMPACTO DE LAS PUBLICACIONES
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Los doctores Ginés Viscor Carrasco y Francisco Corbi Soler, como directores de la
Tesis Doctoral presentada por Jesus Alvarez Herms, hacen constar que el doctorando ha
participado activamente en los articulos que forman esta memoria, tal como queda
reflejado en el orden y composicion del equipo de autores de cada uno de ellos. El
doctorando ha jugado un papel fundamental en el disefio experimental y el tratamiento
de los datos. También ha tenido el protagonismo principal en el proceso de difusion y
publicacion de los resultados y conclusiones, es decir, en la redaccion de los
manuscritos y en el proceso de revision por pares.

Los indices de impacto (IF) de las publicaciones que se han aceptado o se han enviado
los articulos que conforman esta tesis son los siguientes:

1. Titulo de la publicacion: Changes in heart rate recovery index after a programme of
strength/endurance training in hypoxia

Autores (p.o. de firma): Alvarez-Herms, J; Julia-Sanchez, S; Corbi, F; Pages, T; Viscor
G

Revista: Apunts de Medicina de I'Esport Volumen: 47 Numero: 173 Paginas, Inicial:
23 final: 29 Aiio: 2012 ISSN: 1886-6581

Participacion del doctorando: Participacion en el protocolo de exposicion intermitente
en hipoxia hipobarica de los deportistas. Realizacion de los entrenamientos, test y
medidas descritas en el manuscrito.

LF. (2013): SJR:0,12 5 Years LF (2013): no aplicable
Eigenfactor Score (2013):  no aplicable Article Influence Score (2013): no aplicable
Times Cited: 4 (a 5 de mayo de 2014)

2. Titulo de la publicacién: Potenciales aplicaciones del entrenamiento de hipoxia en
el futbol

Autores (p.o. de firma): Alvarez-Herms, J; Julia-Sanchez, S; Urdampilleta, A; Corbi, F;
Viscor, G

Revista: Apunts de Medicina de 1'Esport Volumen: 48 Numero: 179 Paginas, inicial:
103 final: 108 Afio: 2013 ISSN: 1886-6581

Participaciéon del doctorando: Participacién en la busqueda y revision de la
bibliografia sobre la tematica del uso de métodos de entrenamiento en hipoxia en el
futbol.

LF. (2013): SJR: 0,12 5 Years L.F. (2013): no aplicable
Eigenfactor Score (2013): no aplicable Article Influence Score (2013): no aplicable
Times Cited: 1 (a 5 de mayo de 2014)

3. Titulo de la publicacion: Lactic anaerobic capacity enhancement by explosive-
strength endurance training under simulated altitude conditions

Autores (p.o. de firma): Alvarez, J; Julia S; Pages, T; Viscor, G and Corbi, F
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Revista: Sleep & Breath Volumen: 16 Péginas, inicial: 247 final: 268 Afio: 2012 ISSN:
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KEYWORDS Abstract

Hypoxia; Objective: To determine whether twelve sessions of resistance training on lower limbs at sim-
Heart rate; ulated altitude (2500 m) were efficient to elicit an improvement in heart rate recovery index
Strength training in the first 3 min of recovery after a maximal jump test.

Materials and methods: Twelve young physically active subjects were divided in two balanced
groups for training in hypoxia (HYP) and normal oxygen (NOR). The subjects were assigned to
each group based on previous test results in the 60s counter-movement jump test (CMJ60).
Results: Both groups performed identical strength training (volume, intensity, character and
effort conditions) on the lower limbs (squats, half-squats and jumps) for 4 weeks. Both groups
improved the measured parameters in all cases. We analyzed the time course of heart rate
during the CMJ60 test and the subsequent 3 min recovery period. HYP group (n=5) improved
the heart rate recovery index as compared to NOR group (Student’s t-test) at minute 2 (P=0.03)
and minute 3 (P=0.05).

Conclusions: We conclude that a protocol of resistance training on lower limbs (12 sessions in 4
weeks) at a simulated altitude could improve heart rate recovery index compared to the same
training performed at sea level.

© 2011 Consell Catala de Esport. Generalitat de Catalunya. Published by Elsevier Espana, S.L.
All rights reserved.

PALABRAS CLAVE Valoracién de la Frecuencia Cardiaca de Recuperacion después de un programa
Hipoxia; de entrenamiento de fuerza resistencia en hipoxia

frecuencia cardiaca;

entrenamiento de Resumen

fuerza resistencia Objetivo: Doce sujetos jovenes fisicamente activos se dividieron en dos grupos equilibrados

para entrenar en hipoxia (HYP) y normoxia (NOR).
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Material y métodos: Los sujetos fueron asignados a cada grupo en base a los resultados en
una prueba previa de salto en contramovimiento de sesenta segundos (CMJ60). Ambos gru-
pos realizaron durante 4 semanas un entrenamiento idéntico de fuerza (volumen, intensidad,
caracter y condiciones de esfuerzo) en las extremidades inferiores (squat, half-squat y saltos).
Resultados: Ambos grupos mejoraron en todos los casos. Se analizo la evolucion temporal de
la frecuencia cardiaca durante la prueba CMJ60 y el posterior periodo de recuperacion de tres
minutos. El grupo HYP (n=5) refleja una mejoria del indice de recuperacion de la frecuencia
cardiaca en comparacion con el grupo NOR (prueba t de Student) después de 2 (p=0,03) y 3

Conclusiones: Concluimos que un protocolo de entrenamiento de fuerza resistencia (12 sesiones
en 4 semanas) de las extremidades inferiores en altitud simulada podria mejorar el indice de

recuperacion de la frecuencia cardiaca en comparacion con el mismo entrenamiento realizado

© 2011 Consell Catala de ’Esport. Generalitat de Catalunya. Publicado por Elsevier Espafa,

24
(p=0,05) minutos de finalizar el test de saltos.
a nivel del mar.
S.L. Todos los derechos reservados.
Introduction

Monitoring the evolution of heart rate in the recovery phase
after physical exertion is a simple and non-invasive method
for assessing the cardiovascular health and physical condi-
tion of subjects."? A direct relationship has been reported
between a more rapid decline from maximum heart rate
to values below 130 beats per minute and improved cardio-
vascular adaptation.? This improvement has been associated
with various internal physiological adjustments in such a way
that a lower heart rate in the recovery phase would be due to
decreased venous return and systemic needs.* The increase
in heart rate in response to exercise is accompanied by a
reduction in vagal tone that is further increased over basal
level after exercise has ended® through the activation of
the autonomic nervous system immediately after cessation
of maximum activity.®

In addition to its use to evaluate physical condition, heart
rate recovery (HRR) from maximal exercise in the first few
minutes after ceasing the activity is also a valid indicator
of risk of sudden death during exercise.” Given the rela-
tively large number of cases and the notoriety of this type
of death, HRR monitoring has gained importance as a use-
ful non-invasive tool to evaluate cardiovascular health and
fitness.?

To the best of our knowledge, no previous studies have
analyzed or evaluated the evolution of HRR following a pro-
tocol of simulated altitude strength endurance training on
lower limbs, neither has the impact of training stimulus on
the cardiovascular system been addressed.

Scientific research on the benefits of training and
acute, chronic or intermittent exposure to hypoxia is
extensive in real and simulated altitude conditions.®'® Inter-
est in this topic was aroused because of the excellent
results in endurance events (with predominant aerobic
metabolism) achieved by African athletes residing at moder-
ate altitudes.'" It was the incursion of these athletes at the
1968 Mexico Olympics, and their subsequent overwhelming
dominance in these events that spurred studies into finding
explanations for these quantitative differences in physical
performance.'? "

Altitude training (real or simulated) is widely reported to
favour aerobic performance,®'? but there is also some evi-
dence of improved anaerobic capacity.''® Hypoxic training
has become available to more people in recent years through
altitude chambers (hypobaric hypoxia) and hypoxic tents
(normobaric hypoxia). No health risks have been associated
with these practices."

Haematological changes and muscular adaptations are
the main benefits of time spent at moderate altitude,'®"
thus increasing performance. The increase in red cell mass,
and subsequently in oxygen transport and aerobic capacity,?
and the improved specific adaptations of skeletal muscle
to the hypoxic environment could also favour anaerobic
endurance?' since enhanced anaerobic metabolism at rest
may increase buffer capacity and clearance of lactate from
the muscle.?

Here we studied the response of the cardiovascular sys-
tem after a maximal anaerobic test following a protocol of
lower limb resistance training under an intermittent sim-
ulated altitude exposure programme. We evaluated the
decrease in heart rate for 3min after the end of the
test. Tests comprised a 60-s continuous countermovement
jump?** and was conducted at sea level. HRR was con-
sidered an indicator of improved fitness. The heart rate
recovery index (HRRI) was calculated by applying the for-
mula described by Lamiel-Luengo."3

Materials and methods

The design of this study resembles that of a clinical trial. The
training programme was conducted at two centres. Subjects
were aged between 19 and 33 years of age (see Table 1).

Table 1  Antropometric data from subjects (n=12).

Age (years) 24.1 + 4.21
Height (cm) 174.3 £ 7.47
Body mass (kg) 68.9 +7.4

Body mass index 22.4 + 1.81
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All were physical education students or teachers that did
not practice elite sport but were in an acceptable physi-
cal condition. All were non-smokers and were presumably
healthy. All subjects voluntarily consented to participate in
the study. Subjects attended two informative sessions prior
to the start of the study. During the first they were informed
about the objectives of the study, the nature and risks of the
training and the evaluation tests to be applied. The study
was designed in accordance with the ethical standards of the
University of Barcelona’s Ethical Committee and the princi-
ples of the Helsinki Declaration of 1975, revised in 1983.
In the second session subjects were familiarized with the
training procedures. On the basis of the results of the initial
test (PRE), they were assigned to the hypoxia (HYP, n=5)
or normoxia (NOR, n=7) group in order to homogenise gen-
der and fitness status.® Both groups trained in equal terms
of timing and schedule, workload volume and the mate-
rials used, with the only difference being exposure to a
hypoxic and normoxic environment respectively. All the sub-
jects were subjected to 12 specific training sessions in which
the characteristics of the effort were maintained throughout
all the programme with a fast execution level but without
reaching muscle failure. Each session included additional
exercises with compensatory stretching (hamstrings, iliop-
soas, quadriceps, lower back, abdomen, etc.). The training
protocol for the HYP group was conducted in a hypobaric
chamber located on the campus of Bellvitge (Barcelona) at
a barometric pressure of 760hPa (570 mmHg), equivalent
to 2500 m above sea level corresponding to the geographic
barometric pressure in most altitude training centres.'”-?’
The NOR group trained in the Montjuic Centre (Barcelona)
of the Catalonia National Institute of Physical Education
(INEFC) (75 m above sea level).

Specific strength training of lower limbs was scheduled
with the aim to improve their lactic anaerobic capacity
and thus jumping ability and retention time.?*% The train-
ing programme included 12 sessions (3 days per week;
4 weeks) oriented to specifically train lower extremity
strength endurance through half-squats, jump-squats and
jumps. All subjects did a standardised warm-up in which
they performed 4-5min of aerobic exercise (mostly static
cycling) followed by static stretching and dynamic activity.
This was followed by a series of warm-up exercises with
a lower work load than those individually prescribed for
each training session. The main training was of high inten-
sity (full individually prescribed workload) and designed to
be suitable for the nature of the performance assessment
test proposed (a series of countermovement jumps for 605s).
Workload volume was slightly increased in the first 2 weeks
but did not reach the maximal level. The execution speed
was controlled and subjects did not lift their heels off the
ground. The recovery time between the sets of exercises
was incomplete, in order to induce fatigue and muscle accu-
mulation of metabolites (lactate, H*, etc.). The purpose
was to improve lactic anaerobic capacity, muscular buffer
capacity and blood clearance. This training can be described
as a succession of short intense intervals.During the last
2 weeks of the programme, main training was performed
at supramaximal intensity but with a marked reduction of
the volume in comparison to the first two weeks. The max-
imum speed of execution was for loaded (week 3) and
unloaded (week 4) jumps. Recoveries between series were

also longer. The approximate volume was 350-380 repeti-
tion/week ((week 1), 500-530 rep/week (week 2), 300-320
rep/week (week 3) and 200-220 rep/week (week 4). An
example of sessions for a representative individual was:
Week 1, A series of 15 repetitions of 3 sets with 1 min of
recovery between sets. The whole session consisted of 3 of
this series with an intermediate recovery of 6 min. Week 2,
Two series, with 8 min of intermediate recovery, compris-
ing 4 sets (25 repetitions) with 90s of recovery between
sets. Week 3, 3 series, with 5min recovery between them,
composed of 5 repetitions of 10 sets with 45s of recovery
between sets. Week 4, 3 series, with 6 min recovery between
them, consisting of 2 sets of 10 jumps with 2 min of recovery
between sets.

The material used for training sessions consisted of
Olympic bars and free weights. Metronomes were used to
control the rhythm of execution and intensity.2® The exe-
cution speed varied from fast controlled explosive, to fast,
following the paradigm of cross training as the most appro-
priate method for improving jumping ability.?®

To study changes in lactic anaerobic capacity, a continu-
ous jump test for 60s (CMJ60 s) was performed. A contact
platform (Chronojump) was used following Bosco’s?** pro-
tocol to assess the average height and time in the air of
each jump. Heart rate was monitored with standard car-
diotachometers (Polar $810i and RS800) during the test and
the recovery period and data were transferred via infrared
port to a PC. Data were processed with Polar software (Polar
Protrainer 5.0). Data were collected from the highest inten-
sity of implementation, and the HRR from maximum heart
rate reached at the end of the CMJ60 s test was examined.
After ending the tests, the subjects lay immediately on an
examination couch and rested for 15 min until recovery.

To assess the HHR, the following formula was applied®:

HRmax — HR;

HRRI HRmax theor/HRmax

where HRn.« is the maximum heart rate achieved in the
test, HR; is the heart beat frequency at min 1, 2 and 3
of the recovery period respectively, and HRyax theor i the
theoretical maximum heart rate for each subject using the
following calculations: Men: 220 - age in years; and Women:
(226 - age in years.

A monitoring form was completed for each subject daily
during the training programme. Subjects were asked to con-
duct a daily check on their waking basal heart rate (waking,
resting) for 60s. Also, in an attempt to associate individ-
ual stress perception with the possible effect of training
on quantifiable physiological variables, subjects were also
asked to provide a subjective analysis of the perception of
accumulative fatigue and the feeling of recovery from the
previous training session.

Statistical analysis

The HRRI was compared between the two experimental
groups using Student’s t-test for paired samples (pre-post
results into each group) and t-test between groups. P<0.05
was considered to denote significance. Sample means and
standard errors are presented by the acronym =+ SE.
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Table 2 Individual values for body mass and basal (BHR) and peak (PHR) heart rates in normoxia and hypoxia.

Subject code Age Body mass BHR PHR

Normoxia group
NOR 1 20 70.6 (—0.8) 81 (—6) 182 (+1)
NOR 2 24 71 (—0.4) 77 (—6) 179 (+11)
NOR 3 24 64.6 (+0.6) 91 (—22) 186 (—1)
NOR 4 19 61 (—1.9) 73 (-7) 180 (+4)
NOR 5 33 74.3 (—0.9) 54 (—1) 176 (—1)
NOR 6 26 85.2 (—0.8) 71 (—13) 175 (+7)
NOR 7 25 79.0 (—0.5) 59 (+2) 188 (+7)
NOR mean 24.4+4.6 72.2+8.2 72.3+12.7 179.8+4.8

Hypoxia group
HYP 1 29 70.8 (0) 46 (—4) 149 (+13)
HYP 2 24 70.2 (—0.2) 56 (+8) 160 (+5)
HYP 3 22 59.2 (—1.8) 81 (-9) 184 (—1)
HYP 4 18 66 (+0.6) 74 (—11) 186 (—19)
HYP 5 27 59.0 (+1) 59 (-5) 161 (+1)
HYP mean 24.0+4.3 65.0£5.7 63.2+14.1 168 +16.2

Values are pre-training, parentheses show the difference at the post-training test.

Results

The anthropometric data of the subjects participating in the
study are shown in Table 1.

Table 2 shows the individual changes in body mass and in
the basal and peak heart rates when comparing the two tests
performed before and at the end (difference in parenthesis
relative to the previous test) of the training programme.
Table 3 presents the HRRI values for the first 3min after
completion of the jump test. Table 4 shows the statistical
analysis of HRRI data and the corresponding P values and
statistical significance (Fig. 1).

Body mass changes

The NOR group registered a decrease in body weight after
the training programme (1.08 - 0.74%). A reverse trend was
found in the HYP group, which showed a slight increase in
body weight (0.5 4+ 1.07%). However, these differences were
not statistically significant.

Basal and peak heart rate values

With some individual variability, the basal heart rate showed
a decrease after the training programme in both groups. In
the NOR group a statistically significant (P=0.045) decrease
of —11.5% from PRE to POST was found, whereas for HYP a
non- statistically significant change (P=0.273) of —5.2% was
detected. Peak heart rate (PHR) in these two groups did
not show relevant or statistically significant changes when
comparing PRE vs. POST data.

HRRI

Table 4 shows the statistical significance when comparing
HRRI values for PRE and POST training conditions between
the NOR and HYP groups (upper panel). No statistical dif-
ferences in PRE condition was detected between NOR and
HYP groups. However, there was a significant improvement
in minutes 2 (P=0.03) and 3 (P=0.05) in the HYP group in
the POST training test in comparison to NOR.

Table 3 Heart rate recovery index (HRRI) for the first 3 min after finishing the test. Values are presented for the normoxia and
hypoxia groups. Pre- and post-training protocols.
NOR HYP

Pre Post Pre Post
BHR 72.2 +12.7 64 + 6.76 63.2 + 14.1 59 + 10.2
PHR 179.8 £ 4.8 183.5 £+ 10.21 168.0 + 16.2 167.8 + 8.8
HRRI 1 min 19.7 £ 0.5 32.55 + 6.2 23.8+7.0 37.4+7.5
HRRI 2 min 35.7 £ 2.0 45.6 + 0.2 33.7 £ 12.6 63.2 + 10.5"
HRRI 3 min 43.5 + 2.5 56 £ 2.2 46.88 + 14.9 75.6 &+ 14.6'

BHR (basal heart rate); PHR (peak heart rate); HHRI 1 min, HHRI 2 min, HHRI 3 min (Heart Rate Recovery index at minutes 1, 2 and 3
after completion of the test). NOR: normoxia group; HYP: hypoxia group.
" Statistical significance between NOR and HYP for post-training data.
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Table 4
(significance (SS) level was taken at P<0.05.

Statistical analysis (student’s t-test) between groups on the basis of pre- and post-training data. Statistical

t-test Pre-training NOR vs HYP

t-test Post-training NOR vs HYP

Time (min) P value SS Time (min) P value SS

1 0.22 NO 1 0.38 NO
2 0.46 NO 2 0.03 YES
3 0.41 NO 3 0.02 YES

Paired t-test PRE vs POST into normoxia group

Paired t-test PRE vs POST into hypoxia group

Time (min) P value SS Time (min) P value SS
1 0.07 NO 1 0.04 YES
2 0.01 YES 2 0.005 YES
3 0.02 YES 3 0.005 YES
120 almost basal values in minute 3. This finding indicates
[ Normoxia POST improved cardiovascular adaptation to exercise and thus
100 { | I Hypoxia o | better fitness.27-14
PRE . M Altitude training induces greater intensity of the training
80 | T — baseline, particularly during changes of specific mus-
_ NS cle enzymes, and thus results in increased run-intensity
& 60 Ng 1 NS tralmng.z“:26 We propose that .tr.le improvement in HRRI
T — — observed is due to a higher training stimulus at simulated
404 NS altitude despite applying the same relative intensity work-
1 load as at sea level. Thus, with the same degree of effort
204 i as at sea level, training in a hypoxic environment increases
the intensity of the exercise, both from subjective and from
H objective points of view. The additional stimulus of hypoxia

o

mint min2 min3 mnt mn2 min3

* statistical significances between groups post-training minute 2' heart rate recovery Index.P=0,03

** statistical significances between groups post-training minute 3' heart rate recovery Index.P=0,02

Figure 1
training.

Statistical significances between groups post-

Both (normoxic and hypoxic) training protocols improved
the HRRI (lower panel). In the HYP group this enhancement
was statistically significant during the first 3 min, but only
for minutes 2 and 3 in the NOR group.

Discussion

The individuals were suitably assigned to the two groups in
order to homogenise the sample, as can be seen when exam-
ining initial fitness values (comparison of PRE data between
the two groups). Furthermore, our strength/endurance
training protocol (12 sessions, 4 weeks, 3 days per week)
improved the HRRI in NOR and HYP subjects. On the basis
of our findings, we conclude that the endurance strength
of lower limbs improved in hypoxia and normoxia, thus
enhancing the jump capacity for all subjects. However,
this improvement was greater for those who trained under
hypoxia. Our results indicate that the HRRI of the HYP
group was better than that for the control group (NOR).
Statistically significant differences were detected between
groups at minutes 2 (P=0.03) and 3 (P=0.05) post-training.
The HYP group showed higher recovery values, reaching

may elicit more intense adaptive responses at muscular
level by increasing the relative intensity of the effort. Thus,
according to our findings, a strength/endurance training pro-
gramme performed in moderate hypoxia could be useful to
improve the fitness and HRR of athletes than equal train-
ing in normoxia. Therefore, we must consider that sample
size was too low to establish definitive conclusions and more
studies are needed.

Physical exercise in hypoxia involves a number of car-
diovascular changes. There is an increase in resting heart
rate and greater hyperventilation in order to compensate
for the reduced availability of oxygen.?® Thus, at least in
part, high intensity exercise does not achieve such high
heart rates as at sea level.?’ Hypoxia directly affects the
vascular tone of the pulmonary and systemic resistance ves-
sels and increases ventilation and sympathetic activity via
stimulation of peripheral chemoreceptors.?® As a result of
acute hypoxia, the heart increases its beat rate (both at rest
and during exercise), myocardial contractility, and output.
The increase in heart rate is directly related to enhanced
sympathetic activity and vagal withdrawal. Thus, heart rate
is higher at altitude, although the maximum heart rate is
reduced compared to normoxia. Enhanced parasympathetic
neural activity accounts for the diminished heart rate dur-
ing exercise. Moreover, during acute hypoxia, epicardial
coronary arteries dilate and cardiac contractility increases
suddenly.?'

The improved cardio-respiratory response observed in
the HYP group could be due to the greater relative intensity
of the same workload than in NOR group.
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The decrease in the post-exercise heart rate is typically
exponential.3?

The decrease during the first minute is marked by vari-
ables such as parasympathetic blockade. In contrast, in the
second phase (after the first minute), it is believed to be
mediated by the gradual withdrawal of sympathetic activity
and steady plasma clearance of metabolites (epinephrine,
lactate, H*, etc.) caused by the high intensity exercise.3
On the basis of this rationale, the training protocol sig-
nificantly changed the decline HRR HYP group versus the
NOR group during post-training. This observation could be
attributable to distinct sympathetic activity and increased
removal of plasma metabolites, as reflected in the HYP
group by an improved HRRI over time. Thus, plasma metabo-
lite clearance and sympathetic activity was altered after
twelve sessions of intermittent hypoxia.

Assessment of HRR from maximal exercise in the first few
minutes after exercise is a valid estimate of the risk of sud-
den death. Given the increasing numbers of sudden death
cases, this approach provides a useful non-invasive tool to
assess the health and fitness of subjects.?

Several protocols have been reported in order to mea-
sure perceived exertion closely related to the physiological
effects of training. In fact, it has been shown that physio-
logical factors have a greater influence than psychological
ones on the perception of fatigue, because training changes
the way stress is perceived.3*

In our case, the subjective perception of exertion was
higher in the HYP group (unpublished data), thereby sup-
porting the hypothesis described above. Since it is not
possible to assess the effect of self-suggestion or placebo
and a double-blind experimental design is also impossible
(subjects know if they are training into the chamber or not),
we can only compare two different groups.?’

An important negative effect of training in altitude on
certain sport modalities is the limitation on workload inten-
sity (relative to sea level) and the difficulty of maintaining
high intensities of motor execution. Both factors can pre-
vent the achievement of valid specific workouts in hypoxia.
It has been argued that the difficulty involved in motor exe-
cution, at real or simulated altitude, impairs the efficiency
of the motor coordination needed for the implementation of
specific technical measures (stride, stroke, cadence, etc.)
because of the difficulty of maintaining the same intensities
as at sea level.® In our case, the execution of squat jumps
were technically maintained and performed equally by both
groups.

We conclude that a high intensity (strength/endurance)
physical training programme (4 weeks, 3 days per week)
performed in hypoxia improves the HRRI in first 3 min after
exercise has ended compared to the same training at sea
level. Our training protocols in hypoxia have allowed a
better recovery from maximal stimulation and also have
improved fitness and performance opportunities. In addi-
tion, individual subjective perception of effort (higher in
HYP than in NOR) supports the hypothesis of an increased
relative intensity of effort in the group training at simulated
altitude.

The physiological and psychological effects of training in
a hypobaric chamber could explain the enhanced improve-
ment in the performance of the HYP group compared with
same training in NOR group. Also, the possible increase in

the relative intensity of the effort performed under hypoxia
should be taken into account to objectively evaluate the
improvement in performance. We consider that our find-
ings may contribute to new applications in the field of high
performance training for athletes.

Presentation

The heart rate data in the recovery phase were presented
at the VI International Congress of the Spanish Association
of Sports Science in Elche, on October 6, 2010. There was
a poster presentation of 10 min, with open questions, from
11 to 11.15 am.
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PALABRAS CLAVE Resumen En el fUtbol profesional entrenar en hipoxia no es una practica extendida, aunque las
Hipoxia; posibles mejoras en el rendimiento fisico obtenidas a través de su uso podrian ser relevantes
Fatbol; en la preparacion y recuperacion fisica. El caracter de esfuerzo intermitente que define el
Fisiologia; fatbol requiere que el jugador se recupere lo mas rapido posible entre esfuerzos de alta y
Entrenamiento baja intensidad. En un estudio previo realizado por este grupo de investigacion se constat6 una

mejora significativa de la frecuencia cardiaca de recuperacion desde esfuerzo maximo después
de realizar un protocolo de entrenamiento de fuerza resistencia en hipoxia intermitente. Del
mismo modo, los beneficios fisioldgicos de la exposicion y entrenamiento en hipoxia podrian
aumentar el rendimiento individual de los jugadores de fatbol. Este estudio pretende revisar
los estudios publicados sobre el tema 'y el uso y las posibles aplicaciones del entrenamiento en
hipoxia para el rendimiento fisico en el futbol.
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Football; Abstract The use of hypoxia in professional football training is not widely used although
Physiology; improvements in physical performance obtained with hypoxia could be relevant for the fit-
Training ness and physical recovery. Football is defined as an intermittent effort sport and requires that

players recover as quickly as possible between great efforts. In a study previously carried out by
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this research group a significant improvement was found in heart rate recovery from maximal
exercise after performing strength resistance training in intermittent hypoxia. Similarly, the
physiological benefits of exposure and training in hypoxia may increase the individual perfor-
mance of soccer players. The main aim of this review is analyze the literature on the use and
possible applications of hypoxia training for physical performance in football.

© 2011 Consell Catala de Esport. Generalitat de Catalunya. Published by Elsevier Espana, S.L.

All rights reserved.

Introduccién

En los Gltimos anos, el futbol profesional ha evolucionado
considerablemente en los métodos utilizados para la mejora
del area condicional, la recuperacion, la preparacion psi-
colodgica, la prevencion de lesiones y la rehabilitacion. En
paralelo, la exposicion a hipoxia (aguda, cronica, intermi-
tente, real, simulada, activa o pasiva) es utilizada como
método de entrenamiento para la mejora del rendimiento
fisico-deportivo. Aun asi, no existe una prescripcion defini-
tiva sobre la mejor «dosis» exacta en el uso y exposicion de
hipoxia, sobre todo en deportes de caracter intermitente
y colectivo. Diferentes autores han analizado gran canti-
dad de trabajos cientificos existentes sobre la tematica con
resultados ambiguos sobre su utilizacién'. Bonetti et al.?,
en un articulo de metaanalisis exhaustivo sobre ejercicio
fisico en hipoxia, describen un consenso en la prescripcion
de ejercicio para la mejora del rendimiento aerébico pero
argumentan discrepancias en el posible efecto del entrena-
miento anaerobico e intermitente.

El deporte colectivo, a diferencia del deporte individual,
esta integrado en un sistema técnico-tactico de conjunto
donde el rendimiento final no esta necesariamente rela-
cionado con variables fisiologicas, anatomicas o mecanicas,
aunque si parece estar influenciado positivamente por ellas.

Elinterés cientifico-deportivo del estudio fisiologico de la
respuesta a la altitud tiene sus inicios a partir de los grandes
éxitos logrados en pruebas de fondo por los atletas africa-
nos residentes en zonas de altitud moderada (1.800-3.000 m
sobre el nivel del mar) en los Juegos Olimpicos de México
de 1968, donde su irrupcion en el panorama deportivo fue
sorprendente?.

Esta situacion ha propiciado que se genere un espe-
cial interés entre la comunidad cientifico-deportiva por
el estudio de los posibles factores que permitan expli-
car un incremento en el rendimiento de los atletas que
viven en altitud respecto a los que lo hacen en normoxia,
relacionando en ultima instancia los efectos de la altitud
con un incremento en el rendimiento. Esta afirmacion no
puede considerarse una afirmacion definitiva, pues los fac-
tores de rendimiento deportivo final son multifactoriales
(motivacion, ambiente deportivo, mentalidad...). Existen
numerosas hipdtesis que han surgido en el transcurso de los
anos que intentan explicar dicha mejora y se han descrito,
desde un punto de vista cientifico, cambios fisiologicos orga-
nicos en el ser humano después de la exposicion a diferentes
alturas?.

El organismo humano obtiene energia a través de pro-
cesos metabodlicos aerdbicos y anaerdbicos?, y la respuesta
metabdlica es diferente en funcion de la intensidad del

estimulo. La capacidad de rendimiento fisica en hipoxia
se ve ligeramente disminuida a medida que la altitud a
la cual se realiza la actividad fisica es mayor®. Existe un
cierto consenso cientifico sobre la utilidad de los efectos
de exposicion a la altura sobre el rendimiento deportivo
predominantemente aerdbico® y su utilizacién esta exten-
dida en el entrenamiento deportivo en pruebas de medio
fondo y fondo de caracter individual (ciclismo, atletismo,
triatlon, remo...). En contraposicion, el entrenamiento en
hipoxia para mejorar los efectos del rendimiento anaeré-
bico han sido menos estudiados: los estudios difieren en
su protocolizacion y medicion, y por ello su aplicacion
es mas controvertida. Aun asi, existen diversos estudios
que argumentan efectos positivos sobre el rendimiento
anaerébico®8.

La periodizacion anual en futbol requiere de una estruc-
turacion diferente a la utilizada en los deportes de
rendimiento individual. Aunque existen diferentes meto-
dologias de periodizacion en el futbol en funcion de los
diferentes métodos y sistemas de juego utilizados, es comln
a todos ellos que se busque conseguir el mantenimiento de
un rendimiento alto (pero no maximo) durante el maximo
tiempo posible, a lo largo de la temporada®, con picos de
forma puntuales en funcion de los objetivos deportivos.

El objetivo de este trabajo es realizar un analisis de los
efectos del entrenamiento fisico con exposiciéon a hipoxia
(intermitente, cronica, aguda, real o simulada) y su posi-
ble aplicacion en el futbol, con el objetivo de maximizar
el rendimiento fisico individual. Se ha revisado y analizado
un amplio nimero de publicaciones cientificas de relevancia
relacionadas con el rendimiento deportivo en general para
justificar y resumir los aspectos positivos y negativos (fisio-
logicos, mecanicos y perceptivos) que podria devenir de su
aplicacion en el entrenamiento en el fatbol.

En el campo de la rehabilitacion y/o recuperacion de
estados de lesion e inactividad, la aplicacion del entre-
namiento en hipoxia en periodos de recuperacion o en
jugadores lesionados también puede resultar interesante
como forma de mantener estados de forma mas eleva-
dos o como medio para facilitar la reintroduccion del
jugador lesionado en la dinamica grupal lo antes posi-
ble después de periodos de inactividad'®. En este Gltimo
punto, Alvarez-Herms et al."" comprobaron que el entre-
namiento de fuerza-resistencia en hipoxia hipobarica en un
grupo de deportistas mejoraba la frecuencia cardiaca de
recuperacion y la capacidad anaerdbica lactica en un ejer-
cicio maximo, en comparacion con un grupo control en
normoxia. Este aspecto seria importante para que jugadores
lesionados pudieran entrenar (fuerza, reeducacion postural,
exposicion pasiva a altitud. . .) en la fase de baja y, mediante

Como citar este articulo: Alvarez-Herms J, et al. Potenciales aplicaciones del entrenamiento de hipoxia en el fatbol.
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el estimulo externo y perceptivo-fisiolégico aumentado de
la hipoxia (que aumenta las necesidades metabolicas y
adaptativas), compensar esta falta de estimulos intensivos
especificos. El objetivo en este caso seria volver a la dina-
mica del grupo en mejor condicion fisica que realizando el
mismo entrenamiento de rehabilitacion en normoxia™.

En el alto rendimiento deportivo es clave el término de
la especificidad en el entrenamiento. Este aspecto es clave
en la potenciacion del entrenamiento deportivo profesional,
y por ello la aplicacidon de nuevas metodologias adaptables
debe ser tomada en consideracion de cara a mejorar los
sistemas de entrenamiento.

Estado de la cuestion
Analisis cientifico de la fisiologia y la hipoxia

A partir de los resultados de diferentes estudios cientificos
se han descrito cambios fisioldgicos con la exposicion a la
altitud (real o simulada, crénica, aguda o intermitente). De
la bibliografia analizada en este estudio se describen como
resumen los siguientes puntos:

1. Existencia de un acuerdo global sobre la utilidad del
entrenamiento aerobico a baja altitud en combinacion
con la residencia en altitud moderada para la mejora del
rendimiento fisico a nivel del mar (living high-training
low)> 1213,

2. Diversas investigaciones concluyen que con cortos perio-
dos de exposicion ya se aprecian mejoras en el
rendimiento anaerdbico aunque existe una menor can-
tidad de investigaciones concluyentes sobre los efectos
del entrenamiento anaerdbico en hipoxia®'4-18,

3. Esta mejora en el metabolismo anaerdbico en
hipoxia'-%* seria debida a una potenciacién de la
via anaerobica por la mayor contribucion energética de
la via en hipoxia'®%324 y a una respuesta mas eficiente a
los procesos limitantes por el ejercicio en anaerobiosis
(efecto tampén [buffer] y respuesta al estrés)?>26,

4. En los ejercicios con un nimero de imitaciones man-
tenidas y/o repetidas en el tiempo (lanzamientos de
balonmano, chuts de fltbol, sprints continuos...) y
cuyo nivel de eficacia debe mantenerse hasta el ultimo
momento, el rendimiento se puede ver afectado por una
disminucion en el aporte de energia y por una limita-
cion en la capacidad de mantenimiento de la intensidad
requerida. Por ello, la mayor intensidad relativa, la
mayor especificidad”’, la mayor respuesta a la anaero-
biosis (buffer), el aumento de la citrato sintasa’ y de
la mioglobina?®, un aumento en el nimero de capila-
res con el entrenamiento en hipoxia?’ y los cambios en
expresion de genes PFK por via anaerdbica en hipoxia®
pueden tener efectos positivos sobre la capacidad de
repetir determinados gestos deportivos.

5. La mejora en la recuperacion de la frecuencia cardiaca
maxima desde ejercicios maximos es un parametro fisio-
logico positivo en deportes con caracter de esfuerzo
intermitente donde es primordial la recuperacion entre
esfuerzos maximos. A este efecto, Alvarez-Herms J
et al."" encontraron mejoras en el indice de recupera-
cion de la frecuencia cardiaca maxima desde ejercicio

maximo en sujetos que entrenaron fuerza-resistencia en
hipoxia intermitente (12 sesiones durante 4 semanas a
2.500 m) respecto a los que entrenaron equitativamente
en normoxia. Este punto seria fundamental para aumen-
tar la competencia de los futbolistas por el aumento de
su nivel de rendimiento.

Hipoxia y futbol

Paralelamente al analisis y descripcion de la bibliogra-
fia existente sobre entrenamiento deportivo e hipoxia, se
ha realizado una busqueda en diferentes bases de datos
cientifico-médicas (Medline, Sportdiscus y Google Scholar)
sobre la utilizacion de la hipoxia y las condiciones de
adaptacion y de juego en el fatbol. Se acotaron las pala-
bras clave a cuatro: «hipoxia», «futbol», «entrenamiento»
y «aclimatacion». La busqueda se realiz6 con las palabras
clave eninglés. Se descartaron articulos no relacionados con
el entrenamiento y competencia en altitud, aclimatacion
y/0 consenso cientifico. Un total de 12 articulos especificos
sobre fUtbol e hipoxia han sido revisados extensamente.

En esta revision se ha constatado que existe controversia
sobre la posibilidad de prohibicion de la competicion futbo-
listica cuando esta se desarrolle a ciertas altitudes, debido
a que esta pueda dificultar el rendimiento fisico o incluso
la salud. A este efecto, se ha analizado la respuesta orga-
nica fisiologica con la intencion de obtener informacion que
permita llegar a un posicionamiento?'.

Se ha descrito que competir en futbol en altitud
moderada y sin aclimatacion previa reduce el desempeiio
fisico y aumenta la percepcion subjetiva de esfuerzo,
pudiendo influir negativamente en la vertiente psicologica
del deportista®?. Levine et al.3* describieron que en el juga-
dor de fatbol, como en cualquier atleta, existe un descenso
en su VO,max (rendimiento aeroébico) compitiendo en alti-
tud moderada, con aumento de la intensidad relativa de
esfuerzo y manifestando una menor capacidad de recupera-
cion de la via de los fosfagenos. Este aspecto disminuiria la
capacidad de realizar acciones repetidas de alta intensidad.
Este aspecto es clave, dada la naturaleza de la ejecucién
especifica en el fitbol, donde gran parte de estas acciones
tendran un importante componente técnico. Ello de debe
a una mayor dificultad para captar oxigeno del ambiente
y transportarlo a las mitocondrias musculares, lo que se
refleja en un descenso en la saturacion de oxigeno arterial,
que provocaria una mayor acidificacion del medio interno
muscular.

Sin aclimatacion, a medida que aumenta la altitud exis-
ten respuestas fisiologicas inmediatas —el aumento de la
frecuencia cardiaca y de la ventilacion incluso en reposo—
como mecanismo compensatorio® 3>, Ademas, como ya
se ha descrito anteriormente, el metabolismo anaerobico
aumenta su protagonismo y con ello la utilizacion de glu-
cosa como sustrato principal, tendiendo al agotamiento
precoz de las reservas, que condicionaria el rendimiento
final del deportista. Curiosamente, esta mayor explotacion
de reservas glucoliticas se traduce en ciertos beneficios
en la prevencion de patologias como la diabetes melli-
tus, la resistencia a la insulina y el sindrome metabdlico,
con la aplicacion del entrenamiento fisico en altitud mode-
rada (1.700-2.400 m)3. En relacién con este Gltimo punto,
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estrategias nutricionales deberian ser tenidas en cuenta
para la competencia y entrenamiento en altitud.

Con estas premisas, se han descrito desventajas en equi-
pos no aclimatados a la altitud, cuando estos compiten en
altitudes superiores a 2.000m. Entre ellas destacan la apa-
ricion del mal agudo de montaia, el suefo irregular, un
aumento en la frecuencia cardiaca basal y en la produc-
cion de lactato, y un descenso (dependiente de la altitud y
de la tolerancia individual a la hipoxia) de hasta el 25% del
VO,max?. Ante estos efectos, se propone la aclimatacion
previa como método de mejora de la salud y el rendi-
miento fisico en altitud. El uso de la hipoxia intermitente
como método de preparacion de la competicion en altitud
se ha propuesto como valido en el rendimiento fisico de
resistencia aerdbica y anaerdbica®®-“°. Ademas, la respuesta
individual puede acentuar la intolerancia a la altitud.

Aunque los parametros fisiologicos alcanzados en un par-
tido de futbol no son tan elevados en comparacion con los
alcanzados en algunos deportes individuales, la mejora que
se obtendria con los beneficios del entrenamiento en hipoxia
podria hacer aumentar la competencia técnico-tactica del
jugador por un aumento en la capacidad. En este caso, Hel-
gerud et al.*', al estudiar jugadores juveniles de la seleccidn
noruega de futbol, observaron que una mejora en el 10% del
VO, max se correlacionaba con un incremento del 20% en la
distancia recorrida en el partido y de un 100% en el nimero
de sprints realizados. Cuando comparamos el rendimiento en
altitud de jugadores aclimatados y no aclimatados, se cons-
tatan claras diferencias que podrian influir en el resultado
final. Hemos de asumir que esto es muy relativo en funcion
del nivel especifico de los equipos (técnico-tactico).

El encaje de la intervencion en hipoxia
intermitente en la periodizacién anual

Tal y como se ha descrito*~#4, el futbol es un deporte com-
plejo en el que el rendimiento final depende de procesos
técnicos, tacticos, psicologicos y factores sociales.

Los posibles beneficios que el estimulo de exposicion a la
hipoxia provoca (tabla 1) han sido descritos anteriormente,
aunque quizas el aumento de sensibilidad al propio esti-
mulo adaptativo sea lo mas interesante. A este respecto,
el tejido muscular responde a la hipoxia incrementando la
expresion de genes inducidos por la hipoxia como respuesta
compensatoria®®. Este aspecto es importante porque esti-
mula la capacidad de respuesta muscular ante nuevos esti-
mulos y ejerce una respuesta de aclimatacion que potencia
las perspectivas de respuesta ante desequilibrios homeosta-
ticos (base de la mejora en el rendimiento deportivo).

En un estudio previo, Alvarez-Herms et al.'" observaron
que cuando el ejercicio realizado en hipoxia es de tipo explo-
sivo, la potencia maxima no disminuye (en comparacién con
ese mismo ejercicio realizado en normoxia) y la capacidad
anaerobica alactica no se ve afectada. Aunque la menor
resintesis de fosfagenos puede afectar en la recuperacion
generando mayor fatiga y acumulacién de metabolitos*,
este aspecto favoreceria procesos positivos de competen-
cia fisica en mayor medida que en normoxia (potenciacion
de la carga de entrenamiento alactica)®.

Existen jugadores profesionales que han utilizado cama-
ras normobaricas (exposicion intermitente) en la busqueda

Tabla 1  Potencialidades e inconvenientes de la aplicacion
del entrenamiento en hipoxia en el futbol

Potencialidades Inconvenientes

Falta de estudios cientificos
aplicados al deporte
colectivo

Necesidad de
protocolizacion especifica
Coste de la maquinaria
Desconocimiento en la
metodologia y aplicaciones
Dificultad de introduccion
en la periodizacion
deportiva

Mejora de la cualidad fisica
de resistencia
Aclimatacion fisiologica
y psicoldgica previa a la
competencia en altitud
Mejora de la respuesta
hematopoyética
Aumento de la capacidad
buffer muscular
Mayor tolerancia
al lactato
Respuesta génica (HIF-1)
y enzimatica especifica
Mejora de la frecuencia
cardiaca de recuperacion
después de ejercicio
maximo
Aumento de la intensidad
relativa de esfuerzo
Aumento de la
especificidad de la carga
Posibilidad de exposicion
pasiva y activa durante
fases de recupera-
cion/rehabilitacion como
método de
mantenimiento de la
condicion fisica

de la mejora del rendimiento individual. Es obvio sehalar
que su utilizacién debe ser bajo supervision profesional.
Los posibles beneficios buscados a partir de una exposi-
cion a hipoxia intermitente (activa o pasiva) se obtendrian
en la mejora del rendimiento en resistencia: parame-
tros centrales (cardiovasculares-respiratorios) y periféricos
(musculares-enzimaticos), aumentando tanto la capacidad
aerobica como anaerdbica. A tal efecto, también cabe
destacar la posibilidad de que existan sujetos con mala tole-
rancia o baja sensibilidad (malos respondedores) a la altitud.
En este caso el efecto no seria positivo, aunque no se han
descrito efectos negativos sobre la salud. Por otra parte,
se han descrito diferentes modelos de exposicion intermi-
tente a hipoxia (intensos y breves o largos y ligeros) que han
resultado igualmente eficaces al menos en la induccion de
respuestas hematopoyéticas* (tabla 1).

La introduccion de esta metodologia en la periodizacion
anual deberia producirse siempre en periodos especificos
de la temporada y en paralelo al entrenamiento grupal
(técnico-tactico especifico).

Segun Bangsbo*, la prioridad del entrenamiento en la
temporada se resume en:

e Entrenamiento aerébico: maxima prioridad en la pretem-
porada. De baja a alta intensidad. Durante la temporada
existe un mantenimiento entre maxima prioridad (alta
intensidad) y moderada-alta prioridad (baja intensidad).
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e Entrenamiento anaerdbico: en la pretemporada (veloci-
dad y resistencia a la velocidad). De muy baja prioridad
a maxima prioridad al final de la pretemporada. Durante
la temporada la velocidad es de maxima prioridad y la
resistencia a la velocidad, entre alta y maxima.

e Elentrenamiento de fuerza durante la temporada es entre
bajo y alto, pero nunca maximo.

o La flexibilidad es siempre alta prioridad durante toda la
temporada.

Las intervenciones de exposicion a hipoxia deberian coin-
cidir con ciclos de preparacion especial o con los periodos en
los que el jugador se encuentra lesionado. Deberian introdu-
cirse en ciclos de carga y con alta intensidad especifica sobre
las cualidades especificas aerobicas y anaerdbicas, pudién-
dose utilizar el entrenamiento de fuerza simultaneamente a
la hipoxia para poder lograr un entrenamiento mas completo
y especifico.

Se proponen 3 fases en las que podria ser (til la introduc-
cion de carga externa a través del uso de la hipoxia:

e Parteinicial de la temporada: fase intensiva de la pretem-
porada como un estimulo superior y maximo de trabajo
sobre la resistencia.

e Fase central de la temporada: a nivel individual sobre
jugadores con necesidades de potenciacion de la condi-
cion fisica. En funcion de la especificidad de cada jugador
podrian introducirse ciclos de carga intensiva en fases de
descanso de competicion (periodos de inactividad supe-
riores a 4 o 5 dias: navidades-festivos).

e Fase final de la temporada o en periodos después de
lesion-inactividad. Como método de entrenamiento que
posibilite la intensificacion de la carga externa sin necesi-
dades especificas de transferencia a la competicion. Como
método de mantenimiento de la condicion fisica y/o man-
tenimiento de procesos adaptativos continuos.

Conclusiones

A partir de lo expuesto en este trabajo, se concluye que
el uso del entrenamiento en hipoxia en el futbol compe-
titivo de alto nivel podria ser beneficioso y positivo como
método de mejora del rendimiento fisico (no técnico-
tactico) y en el mantenimiento del nivel fisico adquirido en
procesos de lesion o rehabilitacion. Dada la escasa infor-
macion disponible sobre esta tematica que oriente a su
utilizacion y prescripcion, son necesarios mas estudios que
permitan completar la informacion disponible sobre la apli-
cacion de esta metodologia en los deportes colectivos. Se ha
descrito el menor rendimiento fisioldgico (menor VO, max)
en altitud superior a 2.000m sin una aclimatacion previa.
Las diferentes metodologias de aplicacion en el futbol no
han sido descritas, pero existen propuestas —como el live
high-training low aplicado en deportes de resistencia aero-
bica individual— con resultados positivos. La mejora del
metabolismo anaerdbico con el entrenamiento en hipoxia
se mantiene inconcluso por la gran variabilidad de estudios
y resultados en este campo. El uso individual de deportis-
tas para mejorar su rendimiento individual seria prescrito
atendiendo a los estudios que refieren mejoras especifi-
cas del metabolismo aerébico y anaerdbico en deportistas

altamente entrenados. Se requieren estudios aplicados de
campo en deportes colectivos que incidan en la periodiza-
cion del entrenamiento y en su aplicacion en deportistas
lesionados como estimulo superior para mantener estados
de forma.

Conflicto de intereses

Los autores declaran no tener ningln conflicto de intereses.

Bibliografia

1. Bonetti DL, Hopkins WG. Sea-level exercise performance follo-
wing adaptation to hypoxia: A meta-analysis. Sports Med.
2009;39:107-27.

2. Weston AR, Mbambo Z, Myburgh KH. Running economy of Afri-
can and Caucasian distance runners. Med Sci Sports Exerc.
2000;32:1130-4.

3. Skinner JS, McLellan TH. The transition from aerobic to anae-
robic metabolism. Res Q Exerc Sport. 1980;51:234-48.

4. Buskirk ER, Mendez J. Nutrition, environment and work
performance with special reference to altitude. Fed Proc.
1967;26:1760-7.

5. Levine BD, Stray-Gundersen J. A practical approach to alti-
tude training: Where to live and train for optimal performance
enhancement. Int J Sports Med. 1992;13 Suppl 1:5209-12.

6. Tabata I, Irisawa K, Kouzaki M, Nishimura K, Ogita F, Miyachi M.
Metabolic profile of high intensity intermittent exercises. Med
Sci Sports Exerc. 1997;29:390-5.

7. Tabata |, Nishimura K, Kouzaki M, Hirai Y, Ogita F,
Miyachi M, et al. Effects of moderate-intensity endurance and
high-intensity intermittent training on anaerobic capacity and
VO;max. Med Sci Sports Exerc. 1996;28:1327-30.

8. Meeuwsen T, Hendriksen 1J, Holewijn M. Training-induced
increases in sea-level performance are enhanced by acute inter-
mittent hypobaric hypoxia. Eur J Appl Physiol. 2001;84:283-90.

9. Gamble P. Physical preparation of elite level rugby union foot-
ball players. Strength and Conditioning Journal. 2004;26:10-23.

10. Urdampilleta A, Alvarez-Herms J, Martinez Sanz JM, Corbi F,
Roche E. Readaptacion fisica en futbolistas mediante vibracio-
nes mecanicas e hipoxia. Rev int med cienc act fis deporte. En
prensa 2012.

11. Alvarez-Herms J, Julia-Sanchez S, Corbi F, Pagés T, Viscor G.
Changes in heart rate recovery index after a programme of
strength/endurance training in hypoxia. Apunts Med Esport.
2012;47:23-9.

12. Saltin B. Exercise and the environment: Focus on altitude. Res
Q Exerc Sport. 1996;67 Suppl 3:51-10.

13. Wilber RL. Current trends in altitude training. Sports Med.
2001;31:249-65.

14. Banister EW, Woo W. Effects of simulated altitude training on
aerobic and anaerobic power. Eur J Appl Physiol Occup Physiol.
1978;38:55-69.

15. Terrados N, Melichna J, Sylven C, Jansson E, Kaijser L. Effects of
training at simulated altitude on performance and muscle meta-
bolic capacity in competitive road cyclists. Eur J Appl Physiol
Occup Physiol. 1988;57:203-9.

16. Nummela A, Rusko H. Acclimatization to altitude and normo-
xic training improve 400-m running performance at sea level.
J Sports Sci. 2000;18:411-9.

17. Katayama K, Matsuo H, Ishida K, Mori S, Miyamura M. Intermit-
tent hypoxia improves endurance performance and submaximal
exercise efficiency. High Alt Med Biol. 2003;4:291-304.

18. Ogura Y, Katamoto S, Uchimaru J, Takahashi K, Naito H. Effects
of low and high levels of moderate hypoxia on anaerobic energy

Como citar este articulo: Alvarez-Herms J, et al. Potenciales aplicaciones del entrenamiento de hipoxia en el fatbol.
Apunts Med Esport. 2012. http://dx.doi.org/10.1016/j.apunts.2012.03.002




+Model

APUNTS-156;

6

No. of Pages 6

J. Alvarez-Herms et al

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

release during supramaximal cycle exercise. Eur J Appl Physiol.
2006;98:41-7.

Martino M, Myers K, Bishop P. Effects of 21 days training at
altitude on sea-level anaerobic performance in competitive
swimmers. Med Sci Sports Exerc. 1996;27:S5.

Wolski LA, McKenzie DC, Wenger HA. Altitude training for impro-
vements in sea level performance. Is the scientific evidence of
benefit? Sports Med. 1996;22:251-63.

Bailey DM, Davies B. Physiological implications of altitude trai-
ning for endurance performance at sea level: A review. Br J
Sports Med. 1997;31:183-90.

Hendriksen IJ, Meeuwsen T. The effect of intermittent training
in hypobaric hypoxia on sea-level exercise: A cross-over study
in humans. Eur J Appl Physiol. 2003;88:396-403.

McLellan TM, Kavanagh MF, Jacobs I. The effect of hypoxia on
performance during 30s or 45s of supramaximal exercise. Eur
J Appl Physiol Occup Physiol. 1990;60:155-61.

Weyand PG, Lee CS, Martinez-Ruiz R, Bundle MW, Bellizzi MJ,
Wright S. High-speed running performance is largely unaffec-
ted by hypoxic reductions in aerobic power. J Appl Physiol.
1999;86:2059-64.

Stathis C, Febbraio M, Carey M, Snow RJ. Influence of sprint trai-
ning on human skeletal muscle puryne nucleotide metabolism.
J Appl Physiol. 1994;76:1802-9.

Noakes TD. Physiological models to understand exercise fatigue
and the adaptations that predict or enhance athletic perfor-
mance. Scand J Med Sci Sports. 2000;10:123-45.

Mizuno M, Juel C, Bro-Rasmussen T. Limb skeletal muscle adap-
tation in hipoxia. Med Sci Sports Exerc. 1999;31:264-8.
Desplanches D, Hoppeler H, Linossier MT, Denis C, Claassen H,
Dormois D, et al. Effects of training in normoxia and normo-
baric hypoxia on human muscle ultrastructure. Pflugers Arch.
1993;425:263-7.

Melissa L, MacDougall JD, Tarnopolsky MA, Cipriano N, Green HJ.
Skeletal muscle adaptations to training under normobaric
hypoxic versus normoxic conditions. Med Sci Sports Exerc.
1997;29:238-43.

Vogt M, Puntschart A, Geiser J, Zuleger C, Billeter R,
Hoppeler H. Molecular adaptations in human skeletal muscle to
endurance training under simulated hypoxic conditions. J Appl
Physiol. 2001;91:173-82.

Bartsch P, Saltin B, Dvorak J, Federation Internationale de
Football Association. Consensus statement on playing football
at different altitude. Scand J Med Sci Sports. 2008;18 Suppl
1:96-9.

Demo R, Senestrari D, Ferreyra JE. Young football players aero-
bic performance in sub-maximum exercise with exhaustion at a
moderate altitude without acclimation: Experience in el condor.
Rev Fac Cien Med Univ Nac Cordoba. 2007;64:8-17.

34.

35.

36.

37.

38.

39.

40.

1.

42.

43.

44,

45.

46.

47.

. Levine BD, Stray-Gundersen J, Mehta RD. Effect of altitude on

football performance. Scand J Med Sci Sports. 2008;18 Suppl
1:76-84.

Brutsaert TD, Araoz M, Soria R, Spielvogel H, Haas JD. Hig-
her arterial oxygen saturation during submaximal exercise in
Bolivian aymara compared to European sojourners and Euro-
peans born and raised at high altitude. Am J Phys Anthropol.
2000;113:169-81.

Brutsaert TD, Spielvogel H, Soria R, Caceres E, Buzenet G,
Haas JD. Effect of developmental and ancestral high-altitude
exposure on VO, peak of Andean and European/North American
natives. Am J Phys Anthropol. 1999;110:435-55.

Katayama K, Goto K, Ishida K, Ogita F. Substrate utilization
during exercise and recovery at moderate altitude. Metabolism.
2010;59:959-66.

Gore CJ, McSharry PE, Hewitt AJ, Saunders PU. Preparation for
football competition at moderate to high altitude. Scand J Med
Sci Sports. 2008;18 Suppl 1:85-95.

Rodriguez FA, Casas H, Casas M, Pages T, Rama R, Ricart A,
et al. Intermittent hypobaric hypoxia stimulates erythropoie-
sis and improves aerobic capacity. Med Sci Sports Exerc.
1999;31:264-8.

Rodriguez FA, Ventura JL, Casas M, Casas H, Pages T, Rama R,
et al. Erythropoietin acute reaction and haematological adap-
tations to short, intermittent hypobaric hypoxia. Eur J Appl
Physiol. 2000;82:170-7.

Ricart A, Casas H, Casas M, Pages T, Palacios L, Rama R, et al.
Acclimatization near home? Early respiratory changes after
short-term intermittent exposure to simulated altitude. Wilder-
ness Environ Med. 2000;11:84-8.

Helgerud J, Engen LC, Wisloff U, Hoff J. Aerobic endurance
training improves soccer performance. Med Sci Sports Exerc.
2001;33:1925-31.

Mohr M, Krustrup P, Bangsbo J. Fatigue in soccer: A brief review.
J Sports Sci. 2005;23:593-9.

Reilly T, Bangsbo J, Franks A. Anthropometric and physiological
predispositions for elite soccer. J Sports Sci. 2000;18:669-83.
Bangsbo J. Energy demands in competitive soccer. J Sports Sci.
1994;12(Spec. No):S5-12.

Vogt M, Hoppeler H. Is hypoxia training good for muscles and
exercise performance? Prog Cardiovasc Dis. 2010;52:525-33.
Fujimaki T, Asano K, Mizuno K, Okazaki K. Effect of high-
intensity intermittent training at simulated altitude on aerobic
and anaerobic capacities and response to supramaximal exer-
cise. Adv Exerc Sports Physiol. 1999;5:61-70.

Casas M, Casas H, Pages T, Rama R, Ricart A, Ventura JL, et al.
Intermittent hypobaric hypoxia induces altitude acclimation
and improves the lactate threshold. Aviat Space Environ Med.
2000;71:125-30.

Como citar este articulo: Alvarez-Herms J, et al. Potenciales aplicaciones del entrenamiento de hipoxia en el fatbol.
Apunts Med Esport. 2012. http://dx.doi.org/10.1016/j.apunts.2012.03.002




Rev.int.med.cienc.act.fis.deporte - vol. 14 - nUimero 53 - ISSN: 1577-0354

Urdampilleta, A.; Alvarez-Herms, J.; Martinez Sanz, J.M.; Corbi, F. y Roche, E. (2014).
Readaptacion fisica en futbolistas mediante vibraciones mecanicas e hipoxia / Physical
rehabilitation in football by mechanical vibration and hypoxia. Revista Internacional de Medicina
y Ciencias de la Actividad Fisica y el Deporte vol. 14 (53) pp. 119-134.
Http://cdeporte.rediris.es/revista/revista53/artrecuperacion432.htm

ORIGINAL

PHYSICAL REHABILITATION IN FOOTBALL BY
MECHANICAL VIBRATION AND HYPOXIA

READAPTACION FiSICA EN FUTBOLISTAS MEDIANTE
VIBRACIONES MECANICAS E HIPOXIA

Urdampilleta, A."; Alvarez-Herms, J.% Martinez-Sanz, J.M.3; Corbi, F.* &
Roche, E.°

' Bachelor of Sciences (BSc) in Sport Sciences and Physical Education. Professor from the
Department of Physical and Sports Education, at the University of Pais Vasco (UPV-EHU).
Nutritional Advice and sports training. Services for patients with Intermittent Hypoxia. K2 Sports
Centre, NUTRIAKTIVE, Alava (Spain) aritz.urdampilleta@ehu.es

2 BSc in Sport Sciences and Physical Education. Researcher at the Department of Physiology.
Physical Exercise and Hypoxia. University of Barcelona, Barcelona (Spain)
jesusalvarez80@hotmail.com

3 Diploma in Human Nutrition and Dietetics. Researcher for the Triathlon Modernization
Program. University of Alicante (Spain) josemiguel.ms@ua.es

* Doctor in Physical Activity and Sports Sciences. Professor from the Department of Health and
Sports Management. INEFC. Lleida (Spain) f@corbi.neoma.org

® Professor of Nutrition from the Department of Functional Biology. Bioengineering Institute.
Sports Research Centre (CID). University of Elche (Spain) eroche@umh.es

Spanish-English translator: Ana Casimiro Ramon anacasimiro.trad@gmail.com

Coédigo UNESCO / UNESCO Code: 2411.06 Fisiologia del ejercicio / Sport
Physiology

Clasificacion Consejo de Europa / Council of Europe Classification: 6.
Fisiologia del ejercicio / Sport Physiology

Recibido 28 de septiembre 2011 Received September 28, 2011
Aceptado 14 de abril de 2012 Accepted April 14, 2012

119



Rev.int.med.cienc.act.fis.deporte - vol. 14 - nUimero 53 - ISSN: 1577-0354

ABSTRACT

Explosive actions in football are nowadays three times the amount there was
during the 60s, reaching 200-215 explosive actions/match. This means that for
an elite player, muscular power and resilience are performance limiting factors,
and muscular injuries may be frequent. During the injury, conditional qualities
are lost; the shorter is the period the lesser are the losses. There are several
methods for improving strength and resilience through vibration platforms and
intermittent hypoxia (IH). In this study, we show the results of an intervention
with vibrating platform and IH in football players suffering from fibrillar break.
The results obtained suggest that this new training model allows improvements
in the level of maximum force (p<0.05) and resilience (p<0.05) and helps to
keep their initial conditional qualities.

KEY WORDS: Body vibration, intermittent hypoxia, muscle strength, resilience.
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RESUMEN

Las acciones explosivas en el futbol se triplican respecto a los afos 60,
llegando a las 200-215 acciones explosivas/partido. Esto supone que la
potencia muscular y la capacidad de recuperaciéon sean factores limitantes,
pudiendo ser frecuentes las lesiones musculares. Durante la lesién se pierden
las cualidades condicionales, menos cuanto mas corto sea este periodo.
Existen diversos métodos para la mejora de la fuerza y capacidad de
recuperacion mediante las plataformas vibratorias y la hipoxia intermitente (HI).
Mostramos resultados de una intervencion con plataforma vibratoria y HI en
futbolistas convalescientes de una rotura fibrilar. Este nuevo modelo de
entrenamiento puede permitir mejoras la fuerza maxima (p<0,05) y capacidad
de recuperacion (p<0,05) ayudando en gran medida a no perder las cualidades
condicionales.

PALABRAS CLAVE: Plataformas vibratorias, Hipoxia intermitente, fuerza
muscular, capacidad de recuperacion.
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INTRODUCTION

The physical effort performed by a football player has basically intermittent
character, alternating high intensity efforts with low ones. Therefore, it is
important to improve the recovery of high intensity efforts during low effort
periods (Mohr et al., 2010). All this would allow keeping explosive and repeated
efforts alternated (Casamichana et al., 2012). Furthermore, trunk muscle
stabilization is very important in football in order to coordinate quick moves,
especially with situations of instability (Gonzalez-Arganda, 2010).

Football demands and requirements have changed in the last few years
(Randers, 2010). The number of sprints in the 60s was so much lower than
currently. In fact, today there is three times this amount, with 190 sprints
(around 200-215 explosive actions) (Dufour, 1990; Zubillaga, 2006), 29,5 £ 10,3
abrupt changes of direction and 8,5 £ 3,82 jumps per game (Castellano, 1997).
In this sense, football may be considered as a sport of explosive and alternated
efforts where resilience in essential for a better performance (Motta, 2006).

On the other hand, during convalescence periods after injury the levels of
physical condition and resilience are modified; they generally suffer a decrease
that affects most of the qualities. Therefore, it is really important to keep the
levels of physical condition as higher as possible in order to accelerate the
recovery process. In the last few years, professional football has greatly evolved
in the methods used to improve conditional area, recovery, psychological
training, injury prevention and rehabilitation, through a better analysis of the
football match (Randers et al., 2010).

Annual periodization in football requires a different structure from other sports of
individual performance. Although there are several periodization methodologies
in football according to different methods and game systems used, it is common
in all of them to look for keeping a high (not maximum) performance during the
maximum time possible along the season with a few peaks according to the
sports objectives (Alvarez-Herms et al., 2012). Therefore, new methods are
needed in order to obtain the lowest muscle fatigue and the highest physical
condition along the season.

Vibration platforms are useful tools to improve flexibility (Fangani et al., 2006;
Sands et al., 2006) and in the last few studies about that there is shown a
tendency to improve and to keep the explosive strength through a vibration
training, although the scientific evidence is still poor and more studies are
needed in this field with specific groups (Fort-Vanmeerhaeghe et al, 2011;
Rechn et al, 2007). Colson et al. (2010), studied the effectiveness of these tools
in basketball. To that end, they applied a protocol of vertical vibrations (40Hz
and 4mm) to a group of basketball players three times a week. They had to do
Y2 static sit ups with 30” of vibrations and 30” to rest during 20’. After 4 weeks of
training the maximal isometric force increased. Other authors claim that in order
to produce an increase on the maximal dynamic force of trained sportsmen,
vibration frequencies must be between 40-50Hz, with vertical vibrations of 3mm
(Ronnestad, 2012). Cormie et al. (2006) also observed that with this kind of
training significant improvements were observed in vertical jumps after acute
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expositions in vibration platforms(30-30” to 30Hz and 2.5mm). These authors
concluded that these platforms could be valid as warming-up before performing
maximum intensity jumps and as a way to recover power after an injury.

On the other hand, Intermittent Hypoxic Training (IHT) is one of the newest
programs used to train sportsmen (Meeusen, 2001). In the last few years,
several studies have shown how IHT causes interesting adaptations, both
peripheral and systematically, which justifies its application as a way of
improving sports performance (Geiser, 2001; Roels, 2007; Zoll, 2006).
Furthermore, specific IHTs are seen to improve some results of non-specific
tests (Urdampilleta, 2010; Vogt, 2010), which justifies its application in different
sports.

Despite the fact that there is not much academic background, it is possible to
think that IHT improves heart rate recovery from high values (Urdampilleta,
2011). In the same way, studies which combine explosive exercises and
intermittent hypoxia show that glycolysis activation is higher (Vogt, 2010) and
less time is needed to increase the training load (Hendriksen, 2003). In a
previous study of this research group a significant increase of heart rate
recovery from a maximum effort after a training protocol of resilience force in
intermittent hypoxia was reported (Alvarez-Herms et al, 2011). There are also
signs of physiological benefits from hypoxia exposure and training, which may
increase individual performance in football players Alvarez-Herms et al, 2012).

Therefore, as Calbet (2006) claims, it is important to apply new methods of
intensive training adapted to our sportsmen capable to increase sportsmen
adaptive possibilities to continue improving their physical conditions in different
situations. This leads us to a hypothesis that claims that in sportsmen just
recovered from an injury several conditional qualities and physiological
parameters, together with muscle strength and heart rate recovery through
innovative means may be maintained using systems that increase systemic and
peripheral functional capacities which cause no damage to the organism. The
aim of this study is to value the efficiency of physical retraining post injury
through a training program with vibration platforms and intermittent hypoxia
stimuli.

MATERIALS AND METHODS

This research’s design was experimental with intervention through a training
program with vibration platforms and intermittent hypoxia stimuli.

1. Subjects

The study sample was formed by 11 football players (football 7-a-side) from the
national league who signed an informed consent.
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Table 1. Physiological and anthropometric characteristics of the studies subjects

Group (n=11)
Age 21.2+2.0
Size (m) 1.76 £ 0.09
Weight (Kg) 76.3+4.4
BMI 24.48 + 1.31
Basal HR 64 + 11
Systolic / Diastolic Blood 120+ 9
Pressure 64 +8
Sa02% 97.7+0.6

The inclusion criteria followed to participate in this study were the following: 1)
no exposure to hypoxia in the previous 3 months; 2) injury in the last 3-4 weeks
of myofibrillar break-down in the lower body due to the practice of football; 3) to
be clinically recovered (analyzing the injury through imaging by the doctor); and
4) no important clinical background.

All of them were in the last phase of recovery from a 1cm fibriliar break-down
(quadriceps, soleus muscle or biceps femoris). The frequency of training they
used to have was two times a week plus a match, with no more physical
exercise than that. These football players competed in football 7-a-side in the 1%
group of the Basque League of the Basque Federation during the season 2010-
2011.

All of them were three weeks without any training with their teams due to the
injury and the needed periodic period. None of the participants in this study
received neither economic nor in-kind reward for their participation.

2. Materials

A vibration platform VibralLaster was used for the intervention. It makes
mechanical vibrations between 19 and 60HZ and a maximum vertical
acceleration of 4mm.

Participants with intermittent hypoxia performed trainings in a GO2Altitude
Hypoxic tent (Biometech, Australia). This hypoxic tent uses the molecular
separation through membrane to obtain oxygen and so to transform hypoxic air,
decreasing oxygen concentration inside the hypoxic tent (hypoxia normobaria).
This system does not cause increases in temperature, in humidity (if no physical
exercise is performed inside it), nor in CO, on hypoxic air. In order to generate
hypoxic air ERA Il compressors were used, and also the Hypoxic tent Portatil
Plus compressor as an additional support.
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Image 2. Materials used for the study. GOA2AItitude Hypoxic tent (left). Hypoxic tent
Portatil Plus compressor (middle). Hypoxic tent prepared for trainings in hipoxia with BibraLaster
vibration platform (right).

3. Training protocol

The training program consisted of 3 sessions per week (Monday-Wednesday-
Friday) of mechanical vibrations inside the hypoxic tent, according to the
training protocol suggested by Colson et al. (2010). Such protocol was slightly
adapted following Ronestad (2009) indications, and two 60’ sessions of passive
intermittent hypoxia (with no physical activity) were added Tuesdays and
Thursdays. Therefore, in total, participants in this study trained 5 days a week.

Table 2. Structuring week trainings for group control (C) and experimental group (H).

Training plan for | Monday | Tuesday | Wednesday | Thursday | Friday
groups Cand H

C C C
Team training H H H
Vibration platform C C C
sessions
Active intermittent H H H
hypoxia session
Passive intermittent H H
hypoxia sessions
(post warming-up
with the team)
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The protocol used in the vibration platform consisted of 8-14 series of 30” at
40Hz of frequency and 3-4mm of amplitude. Inter-series recovery was of 60”
(1% week). Vibration frequency was increased up to 50Hz after the 2™ week. In
total, the volume of training was between 12 and 21’ of work per session (one
more series of work per session after the 2 week). The exercise used in
training sessions was the sip-up. Individual trainings intensity in the vibration
platform was controlled according to the character of the effort (Gonzalez
Badillo, 2002). Therefore, the vibration machine suggested several training

ranges.
Table 3. Characteristics of the strength training with mechanical vibrations.
Trainings Series-recoveries Vibrations Amplitude
Vibration frequency
platform
Week 1 8 x 30”// 60” 40 Hz 3-4 mm
Week 2 11 x 30”// 60” 40-50 Hz 4mm
Week 3 14 x 30”// 60” 40-50 Hz 4mm

Group H training took place inside the normobaric hypoxic tent (1.80 x 1.80 x
1.80m) which simulated between 4000 and 5000m (FiO2 = 12.5-11%) and

increased the hypoxic exposure 500m of altitude per week (decrease of 0.5% of
oxygen in ambient air). Trainings were two by two and after the second one with

the vibration platform subjects rested lied down until accomplishing the 60’.

Tuesdays and Thursdays they started training with their team, performing
specific football exercises, matches and lower body strengthening exercises at
the end of the training sessions. After that, participants in group H rested during
60’ in hypoxia at 4000-5000m. In total, they had 15 hours of intermittent hypoxia
during 3 weeks (3 specific sessions with vibration platform and 2 sessions
resting in intermittent hypoxia each week). This hypoxic training load used was
due to a recent study which demonstrated that 15 hours of hypoxic exposure
were enough to improve sports performance (Bonetti, 2009).

Table 4. Training frequency per week in both control and experimental groups.

Frequency/week Group control (C) Experimental group (H)
n=5 n=6
Trainings with the team 2 2
Trainings with 3 3
mechanical vibrations

Trainings in active 0 (No) 3
hypoxia

Trainings in passive 0 (No) 2
hypoxia
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4. Assessing strength and resilience

In order to assess the results obtained during the trainings, SJ and CMJ tests
were used to measure the jumping ability. Both tests are from the battery of
tests Bosco (1983). A warm-up took place before performing these tests. In
addition, the technical realization of the test received special attention.

Image 3. Bosco tests (SJ and CMJ) and material used. Ergo Jump Bosco System platform
formed by a contact map of 1.75m length with a distance between contacts of 5cm.

Before and after the intervention, football players were assessed through a 1
RM indirect half sit-up test. To ensure they performed half sit-up, a Swiss bench
was used; they had to touch it with their gluteus in each repetition. They
performed 20 repetitions (one every two seconds) with the maximum weight
they could handle. The formula used to estimate 1RM was the one proposed by
Epley (1985): 1RM= (0.0333 x rep x kg) + kg.

After the 1RM indirect test and with the subject in a seated position the recovery
beats were registered (1’, 2’ and 3’) and the recovery rate (RR) was estimated
through the formula established by Lamiel-Luengo (Aros et al, 2000; Calderon
et al, 2002): RR = HRmax — HR 1, 2, 3 / theoretical HRmax / HRmax reached.4

5. Statistical analysis

The tool used for the data statistical analysis was Excel 2003 and SPSS
statistics base 175.0 for Windows. The first statistical analysis performed was
the descriptive one. Since the sample accomplished all the normality criteria we
performed the parametric statistical test (T TESTS) for related samples. The
studied variables were: pre-test and port-test of CMJ, SJ and 1RM tests. The
second analysis performed was the correlation one. We used the Pearson
bivariate correlation test, since we wanted to know the relationship between the
intervention and the heart rate recovery variables.

In order to estimate the recovery rate we performed a t-test for the same group
(pre and post training) in the minutes 1, 2 and 3 of the recovery. We also used
the Shapiro-Wilk test in all of them. The level of statistical significance used was
P < 0.05.
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RESULTS
Table 5. CMJ t-test
Differences
Mean DT | Stan 952, confidence t P
1 dard interval (bilateral)
cMJ error Lower | Higher
P - 0.00 | 0.009 -0.035 0.004 | -1.697 0.117
re-test | 0.015 3
FI
ost-
test
Table 6. SJ t-test.
Differences
Mean OT Stan 95% confidence t F
18J dard interval (bilateral)
Pre- test errar Lower [ Higher
Post- | 0023 | 0027 | 0.007 | -0.039 | 0.006 | -3.048 0.058
test
Table 7. 1RM t-test
Differences
Mean DT Stan 95% confidence t P
1RM dard interval (bilateral)
Pre- test errar
Post-test | 0023 (0027 | 0.007 | 0039 | 0.006 | -3.048 0.039"
Table 8. Heart Rate recovery after the 1 RM indirect half sit-up test
HR PRE-TEST POST-TEST P
Final HR 1702172 1755+ 243 NS
Rec-1 1378131 1268+ 126 <0.05
Rec-2 119,7 + 10,6 104,5+8,9 <0.05
Rec-3 102,32+ 9.8 97,3+ 55 NS
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Diagram 1. Heart Rate Recovery Rate (HRRR) in minutes 1, 2 and 3 after sit-ups in both C
and H groups before (pre) and after (post) the intervention.

DISCUSSION

Regarding the ability to jump in this study we did not found significant
differences between the results obtain before and after the protocol during the
CMJ test (P=0.117) (Table 1). However, although there was not a statistically
significant result there was a general improvement in the CMJ test results,
compared to the group control. Some of the reasons why there were not
significant improvements could be the followings: 1) the lack of coordination
amongst the players during the test; or 2) the lack of more training exercises
related to the elastic component (Bompa, 2004). Related to the SJ test, there
was not either significant differences when comparing jump performances
before and after the protocol (P=0.058) (Table 6). Nevertheless, with this test
we also observed a little improvement in jump performances.

On the other hand, there were some significant differences in the R1 indirect
test (P=0.039) (Table 7). The results obtained coincided with the obtained by
Colson et al. (2010), who justified the improvements registered with an increase
of inter and intramuscular coordination of the low body muscles.

Although several authors (Cormie et al, 2006; Gonzalez-Badillo, 2002; Rechn et
al, 2006) confirm the relationship between the improvement of maximal force
and the improvement of explosive force, in this study we did not find significant
improvements in the explosive force, although we observed a certain tendency
to it. Some authors claim that these explosive force improvements may be due
to a better flexibility of sportsmen (Fort-Vanmeerhaeghe et al, 2011; Sands et
al, 2006).

Related to the heart rate recovery we observed a significant improvement
(P<0.05) of the heart rate during the first two minutes after a maximal force
exercise (Table 8). These data are important, since with almost no aerobic
exercise there is an improvement in heart rate recovery after an intervention of
15 hours of intermittent hypoxia plus force exercises with a vibration platform.
These data confirm the results obtained in other studies about the improvement
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of heart rate recovery after maximum exercise in the first three minutes
(Alvarez-Herms et al, 2011; Urdampilleta et al, 2011). All in all seems to indicate
that training in intermittent hypoxia causes molecular and physiological
adaptations that allow the acceleration of recovery processes after maximum
efforts which have an anaerobic energy support (Roels, 2007; Wilber, 2007).

The fact that intermittent exposure to hypoxia increases the maximum heart rate
(HRmax) to a greater extent may be interesting for long-duration sports and for
sports with intermittent efforts such as football, since, as a result of the great
training load performed at low intensity, there is usually a tendency to decrease
the HRmax (Jouven et al., 2005). Therefore, the use of IH stimuli could be
interesting in the tuning phase or before the main competitions since it could be
an anaerobic training stimulus and, at the same time, it could help to improve
resilience. The study of heart rate variability happens to be very interesting for
the functional assessment in team sports (Rodas et al., 2008).

When competing in hypoxia physiological effects are significant. The organic
physiological response has been analyzed in order to obtain information which
allows getting a position (Federation Internationale de Football Association.
Bartch et al, 2008). It is said that if football is played in moderate altitude and
with no previous acclimatization, the physical performance may be reduced and
the subjective perception of effort increased, which may have a negative effect
on the players’ psychological aspect (Demo et al., 2007). Levine et al. (2008)
claimed that a football player, as any other sportsman, suffers a decrease of
his/her Vo2max (maximal aerobic capacity) when competing at moderate
altitude and an increase of effort relative intensity with lower capacity for
phosphagen system resilience. This aspect would improve the ability to repeat
high intensity actions, which would be important in football, where a great part
of these actions has a significant technical component.

Although physiological parameters achieved in a football match are not that
high compared to those reached in some individual sports, the improvement
obtained with training in hypoxia could make the player’s technical and tactical
skills increase. In this case, Helgerud et al. (2001) studied youth football teams
of Norway and observed that a Vo2max improvement of 10% was related to an
increase of 20% of the distance covered and of 100% in the number of sprints
performed.

Apart from applying intermittent hypoxia to improve resilience, it is shown that
when the competition is placed on altitudes higher than 2000m, to train
previously in hypoxia improves sports performance in mixed sports, especially
in the aerobic ones (Calbet et al, 2007; Meeusen et al, 2001; Roels et al, 2007;
Tabidi et al, 2007; Rodriguez et al, 2002; Vogt & Hoppeler, 2010). Therefore, it
would be interesting to add trainings in hypoxia both for football players’
physical retraining and for the optimization of sports performance (resilience
improvement).

There are professional players who have used normobaric hypoxic tents
(intermittent exposure) seeking an improvement of individual performance.
Obviously, its use must be supervised by a professional. The possible benefits
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an intermittent hypoxia exposure (active or passive) may have would be related
to resilience improvement (central parameters (cardiovascular—respiratory) and
peripheral parameters (muscular — enzymatic)), increasing both the aerobic and
the anaerobic abilities. In addition, there may be some subjects with poor
tolerance or low sensitivity (bad responders) to hypoxia. In this case, the effect
would not be positive, although there is not registered either negative effect on
health. However, there are several models of intermittent hypoxia exposure
(intense and short or long and light) that resulted also efficient at least for
hematopoietic responses (Casas et al., 2000).

Nevertheless, the key seems to be in the lowest hypoxic dose every sportsman
needs to obtain these effects (Wilber et al., 2007).

CONCLUSIONS

After applying a training program of 15 hours of intermittent hypoxia exposure
during 3 weeks (3 specific sessions with a vibration platform and 2 sessions of
60’ each resting in intermittent hypoxia per week) to a group of 11 football
players (football 7-a-side) from a national team, we obtained the following
conclusions:

1. There is a significant improvement in maximal force levels (1RM) with the
half sit-up test (P<0.05).

2. There is a significant improvement in heart rate recovery during the first
two minutes after a maximal effort of strength-endurance (P<0.05).

3. There is a slight tendency to improve explosive strength and maximum
heart rate.

It would be interesting to add another group control with no more trainings than
the ones with their teams (with technical and tactical character). It is clear that
the improvements are due to the active and passive hypoxia stimuli applied
(differential characteristic regarding trainings between group control and
hypoxia), but we did not study the effects that trainings only with vibration
platforms have in physical retraining.

A bigger sample and more applied studies to team sports would be necessary
to allow injured players to keep training with their teams and make their
recovery as quick as possible.
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Summary

Objective. — This study was aimed to assess anaerobic capacity after an endurance strength
training (EST) protocol for 4 weeks.

Methods. — A group of volunteers (n=5) trained in a hypobaric chamber at a simulated altitude
of 2500m (HYP), while the other (n=7), trained at sea level (NOR). Anaerobic power was
tested before and after the training protocol through the widely used Bosco’s vertical jump
test procedures: squat jump (SJ), countermovement jump (CMJ) and sixty seconds repeated
maximal countermovement vertical jump (60CMJ). The mean height for the whole 60CMJ test
(cm), partial heights every 5 and 15 sec were measured and the fatigue index (60CMJ/CMJ] was
calculated.

Results. —Hypoxic training significantly improved mean height for 60CMJ by 6.75% (P=0.029)
in comparison to normoxic training. The fatigue index was also significantly lower (P=0.031) in
the HYP group than in the NOR group. Partial heights at 45—60’’ intervals increased by 32.9%
in the post-training test for the HYP group (P=0.004), compared to a lower improvement of
21.9% for the NOR group (P=0.022).

Conclusions. — Our study shows a better anaerobic capacity after EST training at a moderate
simulated altitude compared with that attained following the same training protocol at sea
level.

© 2014 Published by Elsevier Masson SAS.

* Corresponding author.

E-mail addresses: gviscor@ub.edu, gviscor@gmail.com (J. Alvarez-Herms).
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Résumé

Objectif. — Cette étude avait pour objectif a évaluer la capacité anaérobie aprés un protocole
d’entrainement d’endurance de puissance (EST) pendant 4 semaines.

Méthodes. — Un groupe de volontaires (n=5) a été entrainé dans un caisson hypobare a une
altitude simulée de 2500 m (HYP), tandis que 'autre (n=7), l’a été au niveau de la mer (NOR).
La puissance anaérobie a été testée avant et aprés le protocole d’entrainement au moyen de
la procédure largement utilisée du test de détente verticale de Bosco: squat jump (SJ), saut
de contremouvement (CMJ) et sauts verticaux maximaux répétés de contremouvement dans
60 secondes (60CMJ). La hauteur moyenne pour l’ensemble du test 60CMJ (cm), les hauteurs
partielles chaque 5et 15secondes ont été mesurées et l'indice de fatigue (60CMJ/CMJ] a été
calculé.

Résultats. — L’entrainement en hypoxie a considérablement amélioré la hauteur 6,75%
(p=0,029) pour 60CMJ par rapport a "entrainement en normoxie. L’indice de fatigue était
également significativement plus faible (p=0,031) dans le groupe HYP que dans le groupe NOR.
Des hauteurs partielles a intervalles de 45—60’’ ont augmenté de 32,9% dans le test post-
entrainement pour le groupe HYP (p=0,004), comparativement a une amélioration inférieure
de 21,9 % pour le groupe NOR (p=0,022).

Conclusions. —Notre étude montre une meilleure capacité anaérobie apres l’entrainement
EST a une altitude simulée modéré par rapport a celui atteint en suivant le méme protocole

MOTS CLES
Performance ;
Saut verticale ;
Caisson hypobare ;
Entrainement en
altitude ;

Hypoxie
intermittente

d’entrainement au niveau de la mer.
© 2014 Publié par Elsevier Masson SAS.

1. Introduction

The use of hypoxic training to improve sports performance
through enhancing aerobic and anaerobic metabolic path-
ways has received much attention in recent years due
to the good results obtained by athletes who born and
live in altitude [1]. However, performance is significan-
tly compromised when high intensity sport is achieved in
hypoxia [2]. Although several studies have described the
positive effects of altitude exposure (chronic and inter-
mittent) on aerobic [3,4] and anaerobic capacity [5—11]
following different hypoxia protocols, other have failed
to found these effects [12,13]. By this reason a scientific
consensus on anaerobic training and performance follow-
ing the use of hypoxia to improve sea level performance
remain unclear. This can be due at least in part because
of the large number of studies, which have employed
different methodologies or measured different variables
[14].

Most sports require very specific high workload training
[15—18] when anaerobic metabolism is primarily involved. It
has been hypothesized that it is possible to further stimulate
the lactic anaerobic pathway at maximal and supra-maximal
intensities by training under high altitude conditions, thus
yielding enhanced athletic performance [19]. The impor-
tance of endurance strength training (EST) has been well
established for several sports, such as soccer, basketball or
volleyball which some actions depend primarily on speed
of execution and the ability to accelerate, being these
parameters dependent of maximum strength and maximum
strength/power output [20]. Sprinting and other high inten-
sity actions depend of explosive strength as the ability of the
neuromuscular system to generate coordinated high-speed
actions [21].

Some research has focused on the response to intense
and maximal exercise at altitude with possible benefits for
performance in specific sports. Stimulation of anaerobic

metabolism through strength training could have the fol-
lowing benefits:

e increased glycolytic metabolism after submaximal exer-
cise [15,16,19], probably as a consequence of an
enhanced contribution by anaerobic pathways during the
post-exercise recovery phase [22];

e changes in cell metabolism regulation, enhancing toler-
ance to the accumulation of anaerobic pathway waste
products, thus reducing fatigue and cell stress [15,23];

e enhanced muscular buffer capacity [5,19];

e switching phosphofructokinase gene expression to anaer-
obic pathway [24];

e and increased energy production via anaerobic pathways
as a compensatory mechanism for the reduced energy
supplied by aerobic pathways [25].

In consequence, a certain similarity between the
stresses induced in the human body by altitude expo-
sure and by a maximal intensity specific training can
be deduced, since maximal intensity specific training in
hypoxia could enhance anaerobic capacity by increas-
ing the efficiency of the glycolytic energy production
mechanisms [26]. The combination of these two stim-
uli (hypoxia and endurance strength training) could be
beneficial to athletes by independently and simultane-
ously eliciting the same or some complementary adaptive
responses.

Most of the previous studies have focused on specific
work performed in hypoxia (running, cycling, rowing, etc.)
measuring overall performance, including the technical
component of execution. Nevertheless, to the best of our
knowledge, no studies exist to date on strength training
in hypoxia as a method for improving anaerobic capacity.
It is common practice in sport to use strength training to
enhance power, and different strength training methodolo-
gies have been employed to improve specific high intensity
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Power endurance and hypoxic training 3
Table 1 Anthropometric characteristics of the subjects.
Parameter Normoxia Hypoxia
Pre Post Pre Post
Age (y) 24 +£ 4.5 23.8 +£3.8
Height (cm) 174.4 £ 7.2 172.2 + 10.3
Weight (kg) 65 + 5.7 64.8 + 5.1 72.2 + 8.2 71.3 + 8.0
Basal heart rate (beats/min) 63.8 + 14.1 59.2 + 11.0 62.2 + 11.0 57.1 +7.9

sports performance [27]. In this study we tested the
hypothesis that specific strength training in hypoxia would
increase efficiency of anaerobic metabolism and muscular
performance. A major focus of this study was to test a differ-
ent concept of training methodology, since we used strength
training in hypoxia as a method for maximal challenge to
muscle anaerobic metabolism. Through training in moder-
ate hypoxia, the specific workload required can be raised
during strength training, but generating greater physiologi-
cal stimulation than the same training at sea level and thus
eliciting a higher degree of morphofunctional and metabolic
adaptations in skeletal muscle. To test this hypothesis,
we designed a program of 12 training sessions aimed both
to enhance the endurance and the explosive strength of
the lower limbs. After the end of this protocol, we tested
anaerobic capacity by performing the countermovement
jump test during 60 seconds, thus comparing the two groups
trained using the same protocol but under different envi-
ronmental conditions: sea level and moderate simulated
altitude.

2. Methods

2.1. Participants

A total of twelve healthy, physically active Sports Science
students voluntarily agreed to participate in this study. All
of them were recreational athletes with no more of four
training sessions by week. The basic anthropometrics char-
acteristics of the subjects are presented in Table 1. After
attending an information session describing the objectives,
advantages, risks and a detailed protocol of the study, each
subject signed an individual informed consent form. All pro-
cedures were conducted in accordance with the Declaration
of Helsinki as amended by the 59th WMA General Assembly,
in Seoul, Korea, October 2008 and the I1JSM’s ethical stan-
dards [28]. This study obtained approval of the Comité de
Bioética de la Universitat de Barcelona (Institutional Review
Board IRBO003099, Resolution 30/06/2010). According to the
results of the initial test, subjects were divided into two
groups in order to establish a balanced fitness composition
between the group training at sea level (NOR) composed by
6 men and 1 women (aged 24 +4.5years) and that training
at a simulated altitude of 2500 m (HYP) composed by 3 men
and 2 women (mean age: 23.8 +4years). The participants
did not receive financial compensation or any other kind of
reward.

2.2. Experimental design

The protocol consisted of a classical ‘‘before’’ versus
‘‘after’’ design in order to compare the possible differences
between the two training conditions (Table 1). Baseline and
final tests were based on the well-established Bosco bat-
tery of vertical jump tests, in which an athlete performs
a series of continuous jumps for a specified duration of
60seconds. This test evaluates anaerobic power, utilizing
stretch-shortening cycle actions of the lower extremities to
induce and evaluate fatigue from the contact time between
jumps. This methodology facilitates detection of a possible
increase in anaerobic capacity. In accordance with the aim
of this study, anaerobic capacity was tested by an ‘“‘all out’’
60-second countermovement jump test (60CMJ). Different
authors have confirmed that the 60CMJ test is an exercise
with supra-maximal characteristics, during which 70—85% of
the energy used is supplied by anaerobic pathways and con-
sequently, any decrease in work capacity during the test will
be directly related to depletion of the anaerobic substrates,
accumulation of metabolite waste due both to insufficient
removal and exacerbated production, and diminished alka-
line reserves [29].

All the subjects lived at sea level throughout the study.
As physical activity students, they were active subjects
but anyone among them was a weight trainer or sprint
runner. No one was a competitive athlete or was maintain-
ing a non-study related training throughout the protocol
with a potential alien impact on the post-study outcomes.
Three training sessions were performed weekly for a month
(4weeks). Each session lasted for about two hours, was
conducted at room temperature (ranging from 20—24°C)
and was exactly equal in workload and volume for both
groups. The NOR group trained at near sea level (75 m a.s.l),
whereas the HYP group trained inside a computer-controlled
hypobaric chamber (CHEx-1; Moelco, Spain) at a baromet-
ric pressure of 747 hPa, equivalent to 2500 m of altitude.
The HYP group was exposed to hypobaric hypoxia for a
total time of about 26 hours. The time of ‘‘ascent’’ to alti-
tude inside the hypobaric chamber (10 min) was used for
warming-up, and the ‘‘descent’’ (15min) for the recovery
procedure, and an identical procedure was also established
for the NOR group. All subjects were instructed on the
level of effort required during training. None described
intolerance to training under normoxic nor hypoxic condi-
tions.

The training exercises chosen were half-squats with extra
weight, half-squat weight lifting exercises with jumps and
extra weight repeated vertical countermovement jumps
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(CMJ). Speed of execution was controlled by means of an
electronic metronome in order to facilitate a suitable and
rhythmic pace among all subjects. The workload during
training was individually assigned according to the explo-
sive nature of the effort and the higher possible velocity of
execution [30].

2.3. Data acquisition

A baseline test (T1) was performed 4 days before start the
training protocol, whereas the final test (T2) was carried out
6 days after the end of the training program. All the subjects
were given an appointment for the test on the same day, and
at a similar time as regards the last meal eaten.

To evaluate anaerobic capacity, the well-established test
developed by Bosco for measuring lactic anaerobic capacity
was used [31]. Maximal explosive strength was measured
by the squat jump (SJ) and countermovement jump (CMJ)
tests, considering only the best of three attempts, while to
assess anaerobic capacity a continuous series of 60 seconds
maximal countermovement jumps (60CMJ) was used.
This test consisted of continuous jumps involving stretch-
shortening cycles. In this test protocol, performance in
mechanical parameters depends on the structure of the
innervation pattern and training status of the neuromuscu-
lar system in terms of contractile and elastic abilities [21].
Obviously, any decrease in power output during the test
would be directly related to muscle fatigue. The results of
the 60CMJ test were used to evaluate anaerobic capacity
over 60seconds in both groups. During the tests, data
were registered by means of an Ergo Jump Bosco System
contact mat, which was connected to a computer through
a USB port. Data were acquired, stored and processed using
Chronojump 0.8 software in order to calculate jump height
using body mass and flight time. This equipment and set-up
has been widely used in previous studies to assess anaerobic
capacity.

Additionally, both tests (T1 and T2) were recorded by
means of a Casio Exilim Pro-Ex-F1 (300Hz) camera and 2D
digitized by means of motion analysis software (Kwon3D)
to evaluate flexed knee angles for every jump and sub-
ject. All jumps with a flexion angle 5% lower or higher
than the previously established angle of 90° were not
considered.

2.4. Statistical analysis

Data were statistically analyzed and graphically presented
by means of Sigmaplot 12.3 software (Systat Stoftware Inc.,
USA). Pre-training versus post-training differences were
tested by means of a repeated measures two-way ANOVA.
Comparison between the HYP and NOR groups was per-
formed by a simple repeated measures two-way ANOVA test.
The Student’s t-test was performed for specific comparisons
when appropriate. In some cases, data are presented as a
percentage of the baseline test in order to avoid individual
variability and provide greater clarity. Statistical signifi-
cance was determined as P<0.05. Data are presented as
mean values + standard deviation.

50
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Figure 1  After training percent increases in jump height

during CMJ60 quartiles (1: 0—15seconds; 2: 15—30seconds;
3: 30—45seconds; 4: 45—60seconds). *: denotes statistical
significance pre- versus post-training. **: indicates statistical
significance when comparing normoxia vs hypoxia groups.

3. Results

3.1. Squat jump and countermovement jump

The squat jump (SJ) and countermovement jump (CMJ)
from resting are measures of explosive strength. The SJ is
an explosive, active manifestation of strength from static
position (90° leg flexion). The CMJ is also a reactive manifes-
tation of explosive strength. In accordance with the Bosco’s
test, these parameters were measured at the beginning of
the study. Measurements were taken from resting conditions
in order to evaluate maximum explosive strength perfor-
mance. As can be seen in Table 2, performance in both
groups was similar for T1 and no statistically significant dif-
ferences were found after the training between groups or
pre- and post training. As expected, the results indicated
that both groups showed a similar level of improvement. No
differences in training stimuli were found for post-training
results.

3.2. The 60CMJ test

The results are show in Table 2. At baseline (T1), meas-
ures of maximal explosive strength (squat jump (SJ) and
countermovement jump (CMJ) were taken from resting to
assess performance and use this data to calculate the fatigue
index (Fl). The specific indicator of anaerobic capacity
was calculated from the mean height. Results for T1 were
similar between HYP and NOR groups as a consequence
of the arbitrary group composition. Two way ANOVA for
repeated measures yielded no statistically significant dif-
ferences between groups for T1 (P=0.772). However, as can
be seen in Table 2 and Fig. 1, results for the 60CMJ test
improved for both groups following the protocol training.
After protocol training (T2), a considerable improvement in
mean height was observed for the HYP group (22.6% versus
15.8% NOR). In Table 2 the differences in the improvement
attained by both groups are clearly evident, as are also the

Please cite this article in press as: Alvarez-Herms J, et al. Anaerobic performance after endurance strength training in
hypobaric environment. Sci sports (2014), http://dx.doi.org/10.1016/j.scispo.2013.11.002

280

290

291

292

293

294

295

296

297

298

299

300

302

303

304

305

306



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

+Model
SCISPO 2827 1—8

Power endurance and hypoxic training

Table 2  Protocol training volume, exercise and model session.

Total Repetitions Exercise Workload Session model

Week 1 380 Half-squat Moderate intensity [15r-4s/2'rec] (10")-2bk

(controlled execution) [20r-4s/2'rec] (10")-2bk
[25r-4s/2'rec] (10")-1bk

Week 2 600 Half-squat Maximal volume (low [25r-4s/90"] (8')-2bk
execution)

Week 3 420 Half-squat jumping High intensity (high [10r-55/45"] (6")-3bk

(weighted jumps) speed execution)
Week 4 225 Plyometrics (unweighted Maximal intensity [5j-5s/3'] (6")-3bk

vertical jumps)

Codes for description of the study protocol training for HYP and NOR groups. r: repetitions; s: sets; rec: recovery time between sets;
j: jumps; bk: blocks; ': minutes; ”’: seconds. First parenthesis in Session model column indicates a whole training block, whereas the
second parenthesis indicates the time recovery between consecutive blocks.

marked effect of protocol training. Jumping performance in
the 60CMJ test showed a statistically significant difference
(P=0.029; post-hoc Student’s t-test) in the mean height of
the 60CMJ test between the HYP group and the NOR group.

In regards to a diagnostic analysis of the effort applied by
the subjects (voluntary involvement of the subject through-
out the test), this can be estimated from the decrease in
muscular work along the whole test duration (Mean Height
0—15seconds/CMJ) as originally described by Bosco. The
aim of this calculation is to assess the subjects’ level of
involvement when performing the test. The maximum pos-
sible value will be 1 if the subject reaches a mean jump
height during the first 15 seconds equal to their baseline CMJ
test value. The 60CMJ and CMJ test values obtained for both
groups indicate a similar high level of involvement when per-
forming the test: NOR group yielded 0.79 (+0.06) in T1 and
0.72 (+£0.05) in T2, and HYP group, 0.74 (£0.09) in T1 and
0.75 (0.04) in T2 (see Table 2). No statistically significant
differences were found pre- or post-training between the
two groups.

3.3. Fatigue index

The original protocol by Bosco established the term Fatigue
Index (FI). This concept analyzes the effect of fatigue
throughout the test. The Fl is calculated by dividing the
height reached during the 60-second test by the maximum
height in CMJ test at the beginning of the protocol. Fig. 1
and Table 2 show the differences found between groups and
the significant differences obtained in T2. The HYP group
improved after the training protocol, from 0.62 (+0.11)
in T1 to 0.66 (+004) in T2, but the NOR group failed to
show any statistically significant improvement in the fatigue
index: 0.58 (+£0.05) in T1 and 0.56 (+0.08) in T2. When
comparing T1 and T2 between both groups, a significant
difference was detected for T2 (0.56 for the NOR group ver-
sus 0.66 for the HYP group) (P=0.031; post-hoc Student’s
t-test), whereas no differences were detected in T1, thus
confirming the homogeneity in the assignation of the sub-
jects to the two experimental groups.

3.4. Height jumps at 5- and 15-second intervals
during the 60CMJ test

The mean jump height at each 5- and 15-second interval
was compared between T1 and T2 for both groups. The aim
of this analysis was to evaluate the evolution of perfor-
mance and anaerobic capacity as measured by progressive
decrease in jump height (cm). The results obtained for mean
height attained during the 60CMJ test for both groups show
that the HYP group performed better in the final phase of
the test (from 40seconds until the end). This clear differ-
ence in performance can be observed in Table 3 and Fig. 2.
‘‘Before’’ versus ‘‘After’’ differences were marked in the
last 15seconds of the 60CMJ test, and significant differ-
ences in both groups between T1 and T2 (HYP P=0.004, NOR
P=0.022) were detected. These results for the final intervals

Table 3  Bosco test’s results. Changes in mean height jumps
and fatigue index.
HYP NOR
Height of squat jump (SJ) (cm)
Pre 28.62 (£5.8) 30.95 (+2.8)
Post 32.95 (£3.7) 32.84 (+4.1)
Pre vs. post NS NS
Height of countermovement
jump (CMJ) (cm)
Pre 31.9 (£4.1) 32.48 (+3.95)
Post 34.01 (£2.3) 35.74 (£4.7)
Pre vs. post NS NS

CMJ60 mean height jump (cm)

Pre 18.42 (£2.0) 18.46 (+3.5)

Post 22.57 (£2.3) 21.37 (£4.1)
Pre vs. post P=0.029 NS

CMJ60 fatigue index
Pre 0.62 (£0.11) 0.58 (+0.05)
Post 0.66 (£0.04) 0.56 (+=0.08)
Pre vs. post P=0.031 NS
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Figure 2  Fatigue evolution, reflected as mean jump height

every 5seconds intervals, during CMJ60 test. *: indicates statis-
tical significance between groups.

agree with the differences observed for the Fl, clearly indi-
cating considerable differences in performance due to the
impact of our protocol training: in other words, our results
suggest that the training results for the HYP group are in
agreement with the hypothesis of this study, confirming that
EST was more effective for the HYP group than for the NOR
group.

4. Discussion

Power strength can be divided into three modalities: explo-
sive power, maximal power and endurance power, all
supplied by alactic and lactic anaerobic metabolism. This
study focused on endurance strength training, by comparing
the final performance following the same training protocol
conducted in hypobaric hypoxia versus normoxia. Endurance
anaerobic power was measured using a well-established test
(the 60CMJ test) [31]. The main aim of this study was to ana-
lyze the reliability of a new method of sports training using
strength endurance training in hypoxia. The rationale behind
this study was based on previous reports, which concluded
that anaerobic power (15—60seconds) can be maintained
in hypoxia at a similar level as normoxia. This equivalent
performance in different environments may be explained
by enhanced anaerobic energy release and the contribution
this makes to total metabolic cost. However, the work-
load of specific training in hypoxia has been argued to be
less than at sea level due to difficulties in maintaining the
same intensity over time [32]. According to several authors,
anaerobic performance improves following the implemen-
tation of different protocols using hypoxia [5—11,18,33].
However, no consensus currently exists regarding pro-
tocols, methodologies, acclimatization or tolerance to
training [11]. Furthermore, the wide variability in proto-
cols applied, parameters measured and results obtained
[14,34,35] render the possibility of analyzing anaerobic
performance in hypoxia and being the acquisition of a rigor-
ous knowledge base for prescription of training even more
difficult.

Sports with a high reliance on the anaerobic pathway
for primary performance require the production of high

power outputs maintained over a short period. High inten-
sity actions in sports require high levels of anaerobic power
and this is directly related to short-term maximal force
production. Meanwhile, high intensity exercise in hypoxia
enhances the intensity of training when absolute workload
is equal to that in normoxia [32]. As a consequence, train-
ing at a higher intensity could have benefits for anaerobic
performance in high performance sports [15—18]. So, our
experimental design was aimed to provoke greater stimu-
lation of the anaerobic pathway during training by means
of the simultaneous moderate hypobaric hypoxia exposure.
The Bosco 60CMJ test was chosen as the means to assess
anaerobic capacity since it offers the possibility of mea-
suring lactic and alactic anaerobic capacity for short-term
interval-based work patterns.

As explained above, our results show a clear improve-
ment in T2 for the HYP group when compared to the NOR
group in mean height for the 60CMJ test and a lower FI
in the final phase of the test (35—60seconds) (Fig. 1 and
Table 2), precisely when blood supply for the glycolytic
pathway is essential for sustaining muscle energy. These
data provide compelling evidence that the protocol training
was effective in improving anaerobic capacity to a greater
extent for hypoxia than sea level training. Differences were
statistically significant for the HYP group when comparing
T1 and T2 performance in mean height during the 60CMJ
test (P=0.029) and for the FI between groups in the final
phase of the test. As can be seen in Figs. 1 and 2 and
Table 3, there was a considerable difference in performance
between both groups from 30 to 60seconds. The possible
mechanisms responsible for this improvement are unknown,
but muscular buffer capacity, a higher tolerance to glycol-
ysis metabolites and waste product removal could account
for the higher improvement observed in the HYP group at
the end of the training program. We can consider that such
improvement would be based on several concomitant phys-
iological adjustments:

e improved muscular buffer capacity by altitude training
has been previously reported [36,37]. It has been also well
established that during maximal exercise in acute hypoxia
there is a deficit of energy supply by the aerobic pathway,
with a higher O, deficit and higher muscle lactate concen-
trations, compensated by higher anaerobic production of
energy [11,38];

e improved economy of energy production and utilization,
through cell acclimatization to higher molecular stress
[39] or improved endurance power following EST training
[40];

e an improved efficiency of the cardiovascular system,
reflected in a quicker heart rate recovery following
maximal exercise. In a previous study with the same
experimental design, heart rate recovery was faster in
the group trained in hypoxia than in the group trained in
normoxia [41];

o improved efficiency of the respiratory system since respi-
ratory muscles must work more intensively during hypoxia
exposure due to the hyperventilatory response, thus pro-
ducing a certain extent of respiratory muscle training
[42,43]

e it has been also recently reported that the use of glu-
cose through glycolytic pathways during maximal exercise
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in hypoxia is higher in comparison with that for a same
workload in normoxia [44].

When comparing the performance of the two experi-
mental groups during the final interval (45—60seconds),
statistically significant difference was found, with the HYP
group achieving a higher mean height in this phase, thus indi-
cating a higher endurance capacity for explosive strength in
such group. The 60CMJ test is recommended in the litera-
ture in order to evaluate subject involvement during test
execution. We found that both groups performed the test
with a sufficient level of involvement as denoted by a similar
decay in height jump curves, thus indicating that a possible
*‘to keep back’’ behavior was avoided (Fig. 2). As indicated
earlier, training under new conditions may elicit a higher
degree of motivation, and thus could also be a means for
enhancing performance. The subjective perception of effort
under hypoxia also improves the capacity and motivation
to train. Recently have been reported increased hormonal
changes [45] and improved muscle force and resistance [46]
by applying hypoxic stimulus in similar ways as we used it
in the present study. Consequently, we consider that this
methodology can be a good method to renew motivation in
high performance athletes who require new training stimuli.

Several studies have described problems in the quality of
motor tasks during the execution of a specific sport move-
ment (technique) performed under hypoxia [32]. One of the
aims of this study was to assess the possibility of enhancing
anaerobic capacity by means of intermittent hypoxia train-
ing without affecting motor task performance or technique
skills. During protocol training, no problems in maintaining
the equal intensity prescribed were observed.

In conclusion, the present study provides data showing a
significant improvement in anaerobic capacity after 12 EST
training sessions at simulated altitude (2500 m) compared
to identical training at sea level. A significant difference in
performance just in the final phase of the 60CMJ test, pre-
cisely when glycolytic metabolism is essential to maintain
effort intensity has been found. However, further studies are
required to identify the physiological mechanisms underly-
ing this enhancement in anaerobic capacity.

5. Conclusions and practical applications

The present study provides data showing a significant
improvement in anaerobic capacity after 12 EST training ses-
sions at simulated altitude (2500 m) compared to identical
training at sea level. A significant difference in performance
just in the final phase of the 60CMJ test, precisely when
glycolytic metabolism is essential to maintain effort inten-
sity has been found. However, further studies are required
to identify the physiological mechanisms underlying this
enhancement in jumping performance. The main limitations
of this pilot study are a) the low number of subjects and
b) the lack for physiological parameters classically associ-
ated to anaerobic capacity. As a consequence, the impact
of a training program using this methodology on specific
sports (running, cycling, swimming, rowing, etc.) needs
to be validated in further studies before establishing this
kind of protocol as a new standard method of training for
high performance athletes. Nevertheless, we can conclude

that the use of high intensity physical activity under mod-
erate hypobaric hypoxia (whether specific to a particular
sport/specialty or not) could be a valid method for improv-
ing anaerobic capacity. Additionally, it is necessary also to
clarify if hypobaric (natural or simulated altitude) and nor-
mobaric (gas mixtures, ‘‘hypoxicators’’) methods of hypoxia
exposure are equivalent for eliciting the same physiological
responses here described.
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Summary

Objective: The main aim of this study was to test the hypothesis that a high-intensity
circuit strength training (CST) performed in hypoxia increases the anaerobic running
performance at sea level.

Equipment and methods: Twelve sub-elite male 400-m runners were divided into two
groups: hypoxia (HYP) (n=6) and control (NOR) (n=6). Twelve sessions were
performed over a period of four weeks (three days/week) without any additional running
training. Hypobaric training was performed at a simulated altitude of 3000 m (700 hPa;
10.15 PSI). The anaerobic running performance was evaluated with a repeated interval
running (RIR) test. Based on an "all-out" 300-m test performed before and after CST,
the subjects performed as many sets as they could at 90% of the individual maximal
speed reached with a three-minute rest period between sets.

Results: As compared to controls, the HYP group showed the following responses post
CST: RIR +20.5% (number of sets) (p<0.03); (HYP: 4.3 £1 to 6.6 +£1.9 vs. NOR: 3.6 +1
to 4.6 +£1.3), maximal lactate accumulation (in the last set) +8.1% (p<0.03) (HYP: 11.8
+1 to 15.7£1.3 vs. NOR: 12.5 £0.9 to 14.6 £1.6). Maximum and recovery heart rates
finishing the test and hematology did not show statistically significant differences
(p>0.05). However, CST in HYP showed a higher HRavg (152.6 £6.2) than sea-level
training (144.4 £5.1) (p<0.01).

Conclusions: These data indicate that a CST in hypoxia conditions increases the

anaerobic performance in trained athletes.

Keywords: altitude training, circuit strength training, repeated interval training, lactate

accumulation, anaerobic performance.
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Résumé

Objectif: Cette étude a été concue pour tester I'hypothese selon laquelle un circuit
entrainement de force a haute intensité (CST) effectué en hypoxie augmente la
performance anaérobie au niveau de la mer.

Matériel et méthodes: Douze hommes sous-élite de 400 m coureurs ont été divisés en
deux groupes: I'hypoxique (HYP) (n = 6) et de controle normobarique (NOR) (n = 6).
Douze séances ont été réalisées sur une période de quatre semaines (trois jours par
semaine) sans aucun entrainement supplémentaire en cours. L’exposition a
environnement hypoxique a été effectué a une altitude simulée de 3000m (700 hPa;
10.15 PSI) en un caisson hipobarique. La performance anaérobie a été testée avec un
test intervallique d’exécution répétée. Basé sur un test "all-out" de course 300m effectué
avant et apres CST, les sujets ont effectué autant de séries que possible a 90 % de la
vitesse maximale individuel atteint d'une période de repos de trois minutes entre les
séries.

Résultats: Par rapport aux témoins, le groupe HYP ont montré les réponses suivantes
aprés CST: nombre de courses +20,5% (p <0,03); (HYP: 43 +12a6,6+ 1,9 vs NOR:
3,6 £ 1 a4.6+1.3) et I'accumulation de lactate maximale (apres le dernier course
complété) +8,1% (p <0,03) (HYP: 11,8 £ 1a 15,7+ 1,3 vs NOR: 12,5+ 0,92 14,6 =
1,6). Les taux maximaux et de récupération de la fréquence cardiaque au finir le test et
des parametres hématologiques ne montrent pas de différences statistiquement
significatives (p> 0,05). Toutefois, CST dans HYP a montré une HRavg plus élevé
(152,6 + 6,2) que pour I’entrainement au niveau de la mer (144,4 = 5,1) (p <0,01).
Conclusions: Ces résultats indiquent que la CST sous les conditions de I'hypoxie

hypobarique augmente la performance anaérobie chez les athletes entrainés.

Mots-clés: entrainement en altitude, entrainement en force, entrainement par intervalles

répétés, accumulation de lactate, performance anaérobie.
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1. Introduction

Athletic disciplines involving anaerobic performance use both power strength and
repeated interval running as specific methods of training. These exercises require a
greater specificity of effort including also psychological stress. Under this premise,
training in hypoxia increases the perception of effort providing a greater specific
stimulus for anaerobic metabolism (1). However, the use of different models of
intermittent hypoxia training (IHT) to improve athletic performance is subject to
extensive discussion at the moment. Two models are classically used: 1) the “Living
High - Training Low” (LH-TL) model has the principal goal of enhancing aerobic
performance through the stimulation of EPO release and red blood cell concentration (2)
and, 2) the “Training High - Living Low” (TH-LL) model, which could improve
anaerobic performance by providing an additional stimulus to training (1). Whereas the
aerobic performance has been shown to increase following LH-TL protocols (2), some
authors have described improvements in anaerobic performance using the TH-LL
approach (3-6). In contrast, there are also studies that have found no significant benefits
to applying either LH-TL (7) or TH-LL (8). The inconclusive data from the studies have
led to a continuing debate on the usefulness of intermittent hypoxia exposure/training
for elite athletes. These discrepancies could be due to the wide variability in some
experimental factors, including the type and duration of hypoxia exposure, the volume
and intensity of the exercise, the subject training status and the time point for evaluating
performance, in the revised literature (9). Despite these discrepancies, there are well-
documented psychological, metabolic and peripheral effects of exposure and training in
hypoxia conditions for anaerobic metabolism (4,10). However, to our knowledge, there
are no previous studies measuring the anaerobic performance after of the training
protocol of CST in hypoxia. The CST is a well-established training method commonly
used by endurance athletes to improve both the neuromuscular and cardiovascular
fitness (11). Regarding to the running performance, the stride length and frequency are
directly related with power strength and neural co-ordination. Nonetheless, the recovery
between sets affects the PCr resynthesis, muscle buffering and aerobic fitness *
Previous studies have concluded as moderate and severe hypoxia causes an increase in
the use of glycogen as an energy source, not only at rest but also during moderate and
maximal exercise, when comparing to normoxia (3). Under such conditions, the

anaerobic pathway would be the main mechanism to provide the necessary additional
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energy. At muscle level, anaerobic capacity could be improved through an increase in
the muscle buffering capacity and glycolytic enzyme activity (6). Indeed, changes in
salivary pH after anaerobic exercise in hypoxia have been reported (12,13). As a
consequence, it would be reasonable to think that performing a specific CST in hypoxia
could be efficient in increasing the specificity of the training stimulus for anaerobic
events (3-5) by inducing muscle changes and thus affecting mitochondrial density,
capillary-to-fiber ratio and the fiber cross-sectional area (14). Besides these conclusions
an equal dose of intensity and volume of training than normoxia is required as a premise
to obtain a greater performance after TH-LL (15). In this context, the intensity of
anaerobic events and particularly of power strength seems to be maintained in hypoxia
in comparison with normoxia (3,5,16). The principal aim of this study was to analyze
whether a CST performed at simulated altitude could increase running anaerobic

capacity to a greater extent that the same training protocol performed in normoxia.

2. Methods

2.1. Study design

This study employed a crossover design. Subjects (n = 12) were randomly assigned to
two groups balanced for best on 400m performance in the previous year. Once placed in
the groups, subjects then performed a CST program with two testing phases before and
after the CST (HYP and NOR) testing the repeated interval running. The main purpose

was to compare the number of sets performed before vs. after (Figure 1).

2.2. Subjects

Twelve male elite 400-m athletes, voluntarily agreed to participate in the study. None of
the subjects were acclimatized or recently exposed to altitude. Although subjects were
well-trained athletes with a minimum of six years of training, any of the subjects could
have been considered world-class athletes. Before their participation, all subjects were
informed of the procedures, risks and expected benefits, and signed an informed consent
form. The protocol was in accordance with the Declaration of Helsinki and was
approved by the Bioethical Committee of the University of Barcelona (Institutional
Review Board IRB0003099). Subjects were randomly assigned to two balanced groups
according to the best 400-m performance during the preceding season: hypoxia group

(HYP), and a control group (NOR) (Table 1).
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2.3. Training and testing

The subjects received dietary advice only on the testing day. A standard high-
carbohydrate lunch was consumed three hours before the start of the test and the only
drink permitted was water (ad [libitum). Subjects wore similar clothes on the testing

days.

2.4. Whole blood measurements
One day before and three days after treatment, blood was withdrawn by venipuncture
from a forearm vein, collected in heparinized tubes and analyzed with a Celltac Alpha

automated hematological counter (MEK-1640, Nihon-Kohden, Japan) (Table 2).

2.5. Exercise performance test

The performance tests were carried out at sea level conditions. Each test consisted of
two separate phases (before and after CST). On the first day, subjects performed a 300-
m "all-out" test on a track. According to the individual 300-m "all-out" test results for
each subject, the set time corresponding to 90% was calculated. A three-minute
recovery time was fixed between consecutive sets. The end of the test occurred when
the subject was not able to maintain the time required (90% of 300-m "all-out" test) or
when he voluntarily stopped due to exhaustion (Figure 1). In such cases, the previous
completed set was considered to be the last valid record. Capillary blood samples were
obtained immediately after each completed set to assess the lactate concentration (LA)
(Lactate Pro LT-1710, Arkray, Kyoto, Japan). At the same time, heart rate before
(HRR) and immediately after (HRM) each set was measured using a cardiotachometer
(Polar RS810, Polar Electro Oy, Kempele, Finland). Tests were conducted on a 400-m
synthetic track (Mondo). The local environmental variables of temperature (°C),
humidity (%) and atmospheric pressure (mmHg) were controlled and validated (Table
3). Wind velocity was measured with a Speedwatch wind gauge (JDC Electronic SA,
Yverdon-les-Bains, Switzerland) over the four days. All tests were performed under a
wind speed lower than 2 m/s. During the test, participants could drink water ad libitum.

The same procedure was applied for tests before and after the training program.

2.6. Strength training protocol
Twelve subjects participated in a specifically designed circuit strength training (CST)

program over a four-week period, consisting of three weekly sessions and a total of 27
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hours of training (Table 4). All exercises prescribed were commonly used by
participants as part of their regular training and a familiarization process was not
required. During the training protocol, subjects did not perform any other
complementary or specific running training. Both control and experimental groups
performed the same training with equal volume and relative intensity. Exercise sessions
were based on a circuit strength training model in accordance with previous studies (11).
The strength training model was characterized by light load and high speed, and always
consisted of dynamic movements involving a large amount of muscle mass. In addition
to gravitational body weight resistance, different accessories such as free weights,
elastic bands, specific running machines and ankle weights were used. It is important to
note that a prior aim of the training was to perform all exercises as “all-out” as possible,
with dynamic and explosive movement, but without reaching muscular failure (as is
common in hypertrophy training). Consequently, and due to the impossibility of
accurately grading the individual workload, it was adjusted in accordance with the
abovementioned premise and verbally controlled. The progression of the load intensity
during the training was carried out by increasing the resistance of weights or elastic
bands and altering the work/rest ratio. During the CST sessions, the heart rate average
(HRgvg) was registered in order to assess the relative intensity and the effects of hypoxia

on the cardiovascular system.

2.7. Hypoxic treatment

A hypobaric chamber (CH-Ex1, Moelco, Spain) was used to simulate altitude
conditions. The simulated altitude during the training protocol was 3000 m above sea
level (700 hPa; 10.15 PSI). Temperature inside the chamber was maintained at 24° in

average and crushed buckets were used to cool subjects.

2.8. Statistical analysis

Descriptive statistics were used to calculate the mean value and standard deviation (SD)
for all the variables tested. The software used for statistical analysis and plotting the
graphs was Sigmaplot 11.0 (Systat Software Inc., San Jose, CA, USA). To determine
the influence of the CST program and hypobaric hypoxia on anaerobic capacity and
running performance at sea level (number of interval sets), a two-way RM-ANOVA
procedure was applied (training group x sets number). To determine the differences

before and after CST on the measured parameters (LA and hematology), a #-test for
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paired samples was applied (time (pre - post). Also, a one-way RM-ANOVA was
applied to compare the HR,,, during the CST in both conditions (training group). Null
hypothesis was reflected at P< 0.05.

3. Results

3.1. Effects on performance

The results of the 300-m running tests for both groups are presented in Table 5. The
post-treatment improvement in the mean number of sets in the hypoxic group can be
observed (Figure 2). After the CST protocol training, the total number of sets at 90% of
the 300-m "all-out" test increased by 33.3% in NOR (3.66 £1.2 to 4.66 +1.3) and 53.8%
in HYP (4.33 +1 to 6.66 +1.9). However, numerically, there was one set more for NOR
and 2.3 £0.8 for HYP. A paired Student’s #-test (before vs. after) showed statistically
significant differences for the HYP group (p = 0.01), but not for the NOR group (p =
0.25). Training in hypoxia caused a significant (p < 0.05) increase when comparing
post-training performance between HYP and NOR (p = 0.03; ANOVA). The 300-m
"all-out" test improved, but was not statistically significant, after the CST training
protocol in both groups; the NOR group (39.8 £ 0.4 to 39.4 £ 0.5 seconds) and the HYP
group (39.9 + 0.6 to 39.2 + 0.8).

3.2. Effects on physiological parameters

Regarding the hematological parameters, no significant differences were found when
comparing the pre- and post-training status in HYP or in NOR (p>0.05) (Table 2).
Hemoglobin and hematocrit values increased in the range of 1.5 to 2.9 % (HYP) and 2.3
to 2.5% (NOR). This was remarkable, as the RBC count increased noticeably in the
HYP group (13%) as compared to NOR (2.1%).

At the end of the RIR test, the HYP group reached a higher blood lactate peak value
(end of the last valid set; +1.1 mmol/l; +8.1% ; p<0.05) when compared to the control
group (Table 5 and Figure 2). After the CST training, the measurement of the HRax
during the last set of the short-interval test showed a different tendency between the
groups. While the mean maximal heart rate of the NOR group increased (5 beats), the
HYP group showed a slight decrease in the maximal heart rate (1.6 beats). Groups
showed a different, although non-significant, trend in the heart rate recovery after the
training protocol (Table 6). The HYP group trained at a greater relative intensity than
the NOR group (theoretical HR,.x mean: 79.1% for HYP and 74.1% for NOR) (Tanaka



O J o U W

AN DUTUIUTUTUTUTUTUTUTOTE BB DD B DDA DNWWWWWWWWWWNNNONNNONNNONNNNR R RR R PR PR
O™ WNRFROWO-JdHNTDdWNRPOW®O-IAAUDRWNR,OW®OWJNTBDWNRFEOWOOW-TJUB®WNREOWO®W-10U D WK R O WO

223
224
225
226

227
228
229
230
231
232
233
234
235
236
237
238
239
240
241

242
243
244
245
246
247
248
249
250
251
252
253
254
255

H, 2001). The HR,,, was statistically higher in HYP (p<0.01) in comparison to NOR
(Figure 3).

4. Discussion

The primary new finding of this study was that a CST program performed in HYP
compared to NOR further enhances the capacity to repeat interval training to exhaustion
(at an established distance of 300 m at 90% of the individual or personal best
performance previously tested). However, the 300-m "all-out" performance (before vs.
after) had not significant differences comparing groups (HYP vs. NOR). Additionally,
in comparison with the NOR group, the HYP group also reached greater blood lactate
values at the end of the repeated interval test until exhaustion (before vs. after CST:
NOR 16.8% vs. HYP 24.9%). Furthermore, during training in HYP subjects reached a
higher HR,,, that the NOR group (HYP 152.6 +6.2vs. NOR 144.4 £5.1) (p<0.01).
However, the maximal heart rate finishing the RIR test and the immediate recovery
were similar. Finally, seven days after the CST, the hematologic response were not
significantly modified either when comparing the HYP group to the NOR group, nor
between pre-values. When considering the worthwhile effects, the performance
enhancement found in the HYP group may be likely to be beneficial for well-trained

athletes whose performance depends primarily on anaerobic metabolism.

Overall, the clear effects of strength training in hypoxia on anaerobic performance were
somewhat greater than reported in similar studies (3-5,17). We suggest that "strength
high - living low" model provide a more effective stimulus than equivalent training in
normoxia. The observed physiological changes following CST in HYP group provide
several plausible mechanisms for the performance enhancement, as demonstrated by
large effect-size statistical differences (p<0.05) for the RIR. In addition, larger objective
changes as a greater tolerance to lactate would have to be observed for us to be
confident that a real change had occurred in the performance of the athletes. Previously,
other investigations have concluded as changes in buffer and anaerobic capacity may be
greater after to the hypoxia stimulus (18,19). The substantial enhancement in RIR (HYP
group) in this study could be likely to have resulted from an improvement in both
metabolic and neuromuscular characteristics. This observation reveals that the increase
in buffer capacity might be the result of both hypoxia and higher lactate and H' ions

concentration during exercise, since blood lactate accumulation was higher in hypoxic
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than in normoxic conditions (6,18). As it is the case, our data showed as post-
intervention, both groups were able to maintain higher levels of blood lactate during the
RIR. Thus, showing a greater capacity of tolerance to acidosis and clearance of H+ions
(HYP: +24.9% whilst +16.8% for NOR) (Table 2 and Figure 2). Both responses would
be important for pH regulation. Changes in acid—base status have been proposed as a
potential mechanism to improve performance after altitude exposure (20). In this
context, a higher amount of lactate concentration during RIR test could indicate more
carbohydrates burned (6,21). A possible justification could be related to the lactate
shuttle that allows carbohydrates to be transferred from one muscle group to another
while the muscles are exercising. For this hypothesis, Ahlborg et al (22) found that
whole-body carbohydrate stores could be redistributed from glycogen-replete areas to
glycogen-depleted areas during and especially after the exercise. On the other hand, an
increase of the muscle mRNA concentration of MCT1 (monocarboxylate transporter 1)
after hypoxic training has been previously reported (23). The MCT1 improves lactate
exchange and removal, which may lead to a slower decline in pH at a given running
velocity, thereby allowing athletes to run for longer. Moreover, Faiss et al (3) suggested
that increases in the MCT1 mRNA would probably induce changes from aerobic to
anaerobic glycolytic activity in the muscle. These changes could provide information
about changes in the anaerobic reserve during hard running phases instead of a possible
increase during the short recovery phase due to the aerobic metabolism contribution to
the resynthesis of phosphocreatine and the oxidation of the lactic acid (24). These
responses, which result from spillover of the increased sympathetic nerve activation,
have been reported to take place under hypoxic conditions (25). Under this premise, the
elevated heart rate and lactate levels could reflect at least some of the adjustments to
heavy exercise in hypoxia that allow VO, to ultimately reach a similar level as during

exercise in normoxia (25).

Other possible mechanism for the improvement of endurance performance have been
recently describe for Bowtell et al. (5). For this author the ventilatory and heart rate
parameters were significantly higher during an anaerobic exercise in hypoxia. The
increased physiological load was associated with supplying oxygen to the exercising
muscle with lowered oxygen availability. These response may be related with a
improving in the running economy. In our study, the HR,,, during CST was

significantly higher in HYP. Since the maximum heart rate remains almost unchanged
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(pre vs. post) in both groups, the improvement in the oxygen delivery to the exercising
muscles during the repeated interval test could be attributed to an increase in the stroke
volume through a higher left-ventricular contractile force and/or through an increase in

cardiac filling pressure, which raises end-diastolic volume and resultant stroke volume.

Some evidence exists for a hypoxia-induced change in metabolism. The immediate
effect of mitochondrial density is a higher capacity to produce ATP by increasing work
at a higher (ATP):(ADP)(Pi) ratio. Assuming that the higher levels of lactate
accumulated in the last set of the RIR are related to the increase in carbohydrates
burned, the suggested responses at mitochondrial level could be accepted. Indeed,
training under hypoxic conditions has been reported to increase blood lactate levels
probably as a result of a shift in carbohydrate utilization (21). Previous investigations
have described as high-intensity hypoxic training helps to improve the anaerobic energy
supply systems (3,4,26). According with our results, only the HYP group increased two
sets in comparison with pre-values of RIR test (Figure 2). The observed differences in
running performance could be due to changes induced at muscle level that correspond to

improvements of the running economy and neuromuscular coordination (27).

While the data of this study indicate improvements for anaerobic performance, it has
been suggested that performance improvement is not likely to occur when hypoxic
training sessions are inadequate in terms of duration or intensity (9). It may well be that
the 90 min of CST performed daily in this study (12 sessions) was sufficient in duration
and intensity. According with Tanaka et al (28), the HYP group trained over a relative
maximum heart rate of 5% higher in comparison with NOR group (79.1% vs. 74.2%).
Few studies have examined the effect of altitude training on the maintained power
output during consecutive sets. Brosnan et al. (29) found a decreased by 5-6% under
hypoxic conditions with shorter repeat sprint (10 x 6s with 30s recovery) work-to-relief
ratios (1:2 or 1:1). However, with an equal protocol, Bowtell et al. (5) only found
exacerbated fatigue associated at greater FIO, to 13%. In the present study work-to-
relief ratios were 1:1.5 and 1:4 for the last week. For this reason, hypoxia may have
accentuated the effect of multiple sets of the CST in a cumulative fashion increasing the
relative intensity of training. In a previous pilot study (observation unpublished), we
assessed that both maximal and mean power output were maintained during a repeated
interval bouts of jumps at 4000m and 2500m in comparison with 550m. Strengthening

our hypothesis, some authors have shown that hypoxic conditions do not initially affect
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anaerobic performance (6,26,30). On the contrary, difficulty maintaining an equal
intensity of training during aerobic exercises compared to an equivalent exercise at sea

level was reported (2).

Finally, changes in the blood parameters in this study were similar to previous IHT
(31,32) and would tend to support non-enhanced erythropoiesis after IHT (see Table 4).
Perhaps this is not surprising given the short duration of the hypoxic stimulus and the
lower altitude of exposure. Moreover, it has been reported increased aerobic and
anaerobic performance after intermittent hypoxic training without hematological
changes (14,18,20,33). The variability could be due to the widespread individual
variability in the physiological responses to hypoxia and the vast variation in the

different methods of exposure, altitude and volume/intensity of training (34).
5. Practical applications

The observed increases in lactate accumulation and RIR, which would be unaffected by
any potential placebo effect, provide evidence that a CST in intermittent hypoxia
produced some kind of physiological adaptation. However, the lack of more invasive
physiological measures (muscle biopsies for example) could be a potential limitation to

the study design.
6. Conclusions

According to our results, anaerobic performance measured through a RIR until
exhaustion over a 300-m distance (at 90% of individual performance) could be
improved by including a CST cycle in hypobaric conditions. The summary concept
would be described as "strength training HIGH and specific running LOW". A
performance comparison after CST in HYP vs NOR groups revealed that the HYP
group reached higher lactate values due to the performance of a greater number of
repeated interval sets. The observed improvement could be possibly due to the good
response in the behavior of the oxygen-independent glycolysis pathway. The
hematologic measurements after the CST showed a similar trend, which would rule out
a priori any improvement-related hematology. CST performed in hypoxia could be a
valid method of providing a greater stimulus to the anaerobic pathway equivalent to the

specific strength training related to muscle property performance. However, this result
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was unclear and should be considered preliminary until further research has been

completed.
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Table 1

Table 1. Characteristics and baseline measures of the subjects. Variables measured:
years (yrs), Heigth, centimeters (cm), Body mass, kilograms (kg), 400m personal best
(pb), seconds (sc).

Characteristics Mean (+ SD)
Age (yrs)n=12 22 +4.7
Height (cm) n =12 171.5+ 4.4
Body mass (kg) n=12  60.1 £5.2
HYP group

Age (yrs)n=06 22.5+5.5
Height (cm) n=6 171.6 £5.2
Body mass (kg) n=6 59.8£6.1
NOR group

Age (yrs)n=06 20.5+0.7
Height (cm) n=6 171+ 1.4

Body mass (kg) n=6 61+1.4
400m (sc) 51.1+1.27




Table 2

Table 2. Blood parameters pre and post treatment in both environmental conditions. HGB
(g/dL); HCT (%); RBC (mill/mm3); MCV (f1); MCH (pg/cell); MCHC (Hb/cell); WBC (); Dif
(difference) (%). “Based on a smallest substantial change of 1% for and 0.2 of the baseline
between-subject standard deviation for all other measures. *+90%CL: add and subtract this
number to the difference to obtain the 90% confidence limits for the true difference. 7-student

significance is p<0.05 *.

HYPOXIA NORMOXIA
PRE POST  Dif (%); £ t-student PRE POST  Dif (%); + t-student
90% CL" (p<0.03) 90% CL® (p<0.03)
HGB 129+ 13.1+ 1.5+0.6 0.07 13+ 133+ 23+ 0.4 0.21
0.7 0.6 ' 0.6 0.6
HCT 402+ 414+ 2.9+0.8 0.07 401+ 411+ 25+1.1 0.1
23 1.5 ' 2.3 1
RBC 46+ 52+ 13+05 0.12 4.6+ 47+ 21+02 0.29
0.4 1.2 ' 0.4 0.3
MCV 867+ 869+ 02+27 041 877+ 875+ -03+3.4 0.48
4.8 3.4 ' 5.6 4.6
MCH 278+ 277+ -04+1 0.43 279+ 288+ 32412 0.18
1.7 1.3 ' 1.9 1.8
MHGC 32+ 32+ =404 0.44 31.8+ 325+ 22+0.7 0.17
0.6 0.5 ' 1.5 0.8
WBC 69+ 7.7+2 116+14 0.23 82+2 74+1 -98+1 0.21

22




Table 3

Table 3. Weather parameters recorded at the Barcelona-Zona Universitaria meteorological
station (X8 code). Altitude: 79 m above sea level. Variables measured: wind velocity (m/s),
temperature (°C), relative humidity (%), atmospheric pressure (hPa) and precipitation (mm).

Test Temperature Humidity Air Pressure Wind Date
§9) (%) (mmHg) (m/s)

300-m "all-out 16.1 64 1015 08  05/01/12
pre-tramlng

0
Sets at 90% 18 61 1019 0.6  05/07/12
pre-training
300-m "all-out 20.9 71 1015 0.1  06/04/12
post-training

0
Sets at 90% 218 56 1012 1 06/07/12

post-training




Table 4

Table 4. Model of the CST performed.

Week 1 Week 2 Week 3 Week 4

Work/ratio time (seconds) 60/90 60/75 120/150 45/180
Sets per exercise and session 4-4-5 5-3-5 3-5-3 4-5-4

Exercises per session 9-9-9 9-12-9 12-9-12 12-9-12

The progression of load intensity during the training was performed
Intensity by increasing the resistance of weights or elastic bands and altering

the work/rest ratio.
Volume The duration of the sessions was from 80 to 120 minutes
(Including warming-up).

The “’soldier’” (full squat + 1 push-up + stand up), skipping with
dumbbells and ankle weights, ”scarecrow’’ (hip and shoulder
abductions and flexions while jumping), power cleans and snatches,
Exercises jumping splits and one-quarter squat-jumps, rope skipping and
jumping + straight-knee jumps with metatarsus contact, holding
dumbbells, split-jumps, plyometric exercises (mainly horizontal

jumps).




Table 5. Total number of sets completed and maximum blood lactate levels in each group of
athletes. Data are also expressed as per cent increase (before versus after). Values given are
mean +SD. ns (not statistically significance). * Statistically significant (p < 0.05).

NORMOXIA HYPOXIA

PRE POST PRE POST
300-m test 39.8+0.4 394+0.5 39,9+0.6 392+0.8
Total sets by group 21 28 26 40
Mean individual sets 3.6+1.2 46+1.3 43+1 6.6+1.9
Pre-post increase (%) 333 53.8
Peak lactate 12.5+0.9 14.6 £1.6 11.8+1 15.7+1.3
Pre-post increase (%) 16.8 24.9
Number of sets NOR & HYP Post
training p < 0.05 ~0.05 0.03%
Before and after number of sets at 0.251 ns 0.01 *

90% p < 0.05




Table 6

Table 6. Mean heart rate parameters measured in pre- and post-training protocol in the last set in
each subject. Values given are mean + SD (standard deviation). HRR (heart rate recovery);
MaxHR (maximal heart rate).

HYPOXIA NORMOXIA

PRE POST PRE POST

Maximal heart rate (b/min) 180.4+11.8 178.8+12.5 1799+11.1 184+11.4
Heart rate recovery (b/min) 134.1£10.4 130.4+9.6 125.2+10.7 133.1=£12.7
HRR/MaxHR(%) 74.3 £1.6 73.1 £5.5 69.6 +4.2 72.4 £6.2

Heart rate average (b/min) 152.6 £6.2 144.4 +5.1

t-test (p value) 0.60 0.32




Elsevier Editorial System(tm) for Wilderness
& Environmental Medicine
Manuscript Draft

Manuscript Number: WEMJ-D-14-00041

Title: Different degrees of acute hypoxia does not influence the maximal
anaerobic power capacity

Article Type: Brief Report

Keywords: intermittent hypoxia training, anaerobic capacity, strength
power, arterial saturation of oxygen, normobaric hypoxia

Corresponding Author: Prof. Jestus Alvarez-Herms, Msc., Bsc.

Corresponding Author's Institution: Facultat de Biologia. Universitat de
Barcelona

First Author: Jestus Alvarez-Herms, Msc., Bsc.

Order of Authors: Jestus Alvarez-Herms, Msc., Bsc.; Sonia Julia-Sanchez,
Msc.; Hannes Gatterer, Phd.; Gines Viscor, Phd.; Martin Burtscher, Phd.,
MD.

Abstract: Objective

To determine the effects of different inspired oxygen fractions on the
average power capacity during jumping in order to design a hypoxic
explosive strength protocol.

Methods

Eight physically subjects (33.62 £ 4.07 yr; height, 1.77 £ 0.05 m; body
mass, 74.38 * 6.86 kg) completed a Bosco jumping protocol consisting of
6x15-s all-out jumping with 3 minutes of recovery in normoxic (N;
Fi02=21%) and 2 hypoxic conditions (MA:16.5% 02 and HA: 13% 02). A force
platform provided the average and the maximal power output (Watts)
generated during consecutive jumps. Additionally, lactate (Lc),
creatinkinase (CK), arterial oxygen saturation (Sa02) and effort-
perceptions were measured.

Results

The average power outputs (W) along the sets were similar between N (3187
+ 46) and MA (vs. 3184 *15) (p>0.05), but slightly greater with HA (3285
+43) compared to N, (p<0.05). Values of Lc in N (7.5 £3.0), MA (7.7 £4.0)
and HA (7.9 £3.0) (p>0.05) and CK (24h after) (N (79.4 £15.60), MA (85.2
+26.7) and HA (84.3 +47.2) (p>0.05) were similar under the different
hypoxic conditions. Only during exercise in hypoxia, a moderate and
severe hypoxemia was induced as the sets increased and FiO2 was lower
(p<0.05). At the same time, the effort-perceptions reported were higher
at HA (8.9 +2.1) and MA (8.1 #1.4) than N (7.1 #1.9) (p<0.05).
Conclusions

Jumping power output was not negatively affected by mild and severe
hypoxia during an anaerobic exercise test despite to suffer a greater
hypoxemia and higher effort-perceptions.



Suggested Reviewers: Francisco Villafuerte PhD.
Professor, Universidad Peruana Cayetano Heredia
francisco.villafuerte@upch.pe

Prof. Villafuerte is a reputed expert in the subject area.

Anténio Alexandre Moreira Ribeiro de Ascens&o PhD.
Universidade do Porto (Portugal)
aascensaol@fade.up.pt
Prof. Moreira is a reputed expert in the subject area involving altitude.

Opposed Reviewers:



Cover Letter

Departament de Fisiologia i Immunologia Ginés Viscor
Facultat de Biologia Catedratic

Edifici Ramon Margalef (planta 3-A)
Av. Diagonal, 645

U . .t t E-08071 Barcelona (Spain) B ¢ KC 'B(arce:oga
o nowledge
nIversita Tel: +34 93 4021529 e Campus
de Barcelona Fax: +34 93 4110358
e-mail: gviscor@ub.edu ‘ !
&ttp://www.ub.edu/fisiod3

Dr. Scott E. McIntosh, MD, MPH
Editor-in-Chief
Wilderness & environmental medicine journal

Dear Dr. McIntosh
We would like to submit the following manuscript for your consideration:

Title: “Different degrees of acute hypoxia does not influence the maximal anaerobic power”.

Authors:
Jests Alvarez-Herms', Sonia Julia-Sanchez', Hannes Gatterer®, Ginés Viscor' and Martin Burtscher?

Affiliations:

'Departament de Fisiologia i Immunologia, Facultat de Biologia, Universitat de Barcelona, Av. Diagonal,
645; E-08028 Barcelona (Spain).

* Department of Sports Science. University of Innsbruck. Fiirstenweg 185; A-6020 Innsbruck (Austria)

Corresponding author:
Jests Alvarez-Herms (tel. +34 934021529; fax: +34 934110358; e-mail: jesusalvarez@ub.edu)

We consider this manuscript able to be published as original research article in Wilderness & enviro
Mental medicine journal.

We look forward for your notices
Thank you in advance by your kind attention

Prof. Jests Alvarez-Herms

Dos Campus d’Excel-léncia Internacional:

Barcelona Health Universitat
Knowledge de Barcelona
Campus Campus



*Manuscript
Click here to view linked References

Title:

Different degrees of acute hypoxia does not influence the maximal anaerobic power

capacity

O J o U W

O

Alvarez-Herms J, Julia-Sanchez S, Gatterer H, Viscor G, Burtscher M

o e
N PO

Brief running head:

e e
oS W

Anaerobic power at different altitudes

e
@ ~J oy

Authors name:

NN DN
N~ O 0

Corresponding autor: Jestis Alvarez-Herms. Msc. Departament de Fisiologia i

NN
N

Inmunologia. Universitat de Barcelona. Avinguda Diagonal 643, 08028 Barcelona

N NN
~ o U

(Spain). Tel.: (34) 93 934 02 10 86. Fax number: 934 112 842. Email:

NN
O

jesusalvarez@ub.edu

w w W
N~ O

Sonia Julia-Sanchez Msc. Departament de Fisiologia i Inmunologia. Universitat de

w w W
o W

Barcelona. Email: soniajulia@ub.edu

w w Ww
o0 J o

Hannes Gatterer PhD, Department of Sport Science. University Innsbruck. Email:

Do W
= O

hannes.gatterer@uibk.ac.at

ISR
DSw N

Martin Burtscher Phd MD, Department of Sport Science. University Innsbruck. Email:

IS
o U1

martin.burtscher@uibk.ac.at

ISy
~J

b D
O O

Ginés Viscor PhD, Departament de Fisiologia i Inmunologia. Universitat de Barcelona.

(G NE)]
N -

Email: gviscor@ub.edu .

(€]
w

oG
G

Funding: no funding

oY OY OY O OY O U1 U1 U1 U1
O WNE O WwWwOoWwJo
[



O J o U W

AN DUTUIUTUTUTUTUTUTUTOTE BB DD B DDA DNWWWWWWWWWWNNNONNNONNNONNNNR R RR R PR PR
O™ WNRFROWO-JdHNTDdWNRPOW®O-IAAUDRWNR,OW®OWJNTBDWNRFEOWOOW-TJUB®WNREOWO®W-10U D WK R O WO

Abstract

Objective

To determine the effects of different inspired oxygen fractions on the average power

capacity during jumping in order to design a hypoxic explosive strength protocol.

Methods

Eight physically subjects (33.62 + 4.07 yr; height, 1.77 £ 0.05 m; body mass, 74.38 +
6.86 kg) completed a Bosco jumping protocol consisting of 6x15-s all-out jumping with
3 minutes of recovery in normoxic (N; FiO,=21%) and 2 hypoxic conditions
(MA:16.5% O, and HA: 13% O,). A force platform provided the average and the
maximal power output (Watts) generated during consecutive jumps. Additionally,
lactate (Lc), creatinkinase (CK), arterial oxygen saturation (Sa0O;) and -effort-

perceptions were measured.

Results

The average power outputs (W) along the sets were similar between N (3187 + 46) and
MA (vs. 3184 £15) (p>0.05), but slightly greater with HA (3285 +43) compared to N,
(p<0.05). Values of Lc in N (7.5 £3.0), MA (7.7 £4.0) and HA (7.9 £3.0) (p>0.05) and
CK (24h after) (N (79.4 £15.60), MA (85.2 £26.7) and HA (84.3 £47.2) (p>0.05) were
similar under the different hypoxic conditions. Only during exercise in hypoxia, a
moderate and severe hypoxemia was induced as the sets increased and FiO, was lower
(p<0.05). At the same time, the effort-perceptions reported were higher at HA (8.9 £2.1)

and MA (8.1 £1.4) than N (7.1 £1.9) (p<0.05).

Conclusions
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Jumping power output was not negatively affected by mild and severe hypoxia during
an anaerobic exercise test despite to suffer a greater hypoxemia and higher effort-

perceptions.

Key words: intermittent hypoxia training, anaerobic capacity, strength power, arterial

saturation of oxygen, normobaric hypoxia
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INTRODUCTION

Explosive-strength (ES) training, a common type of strength training used in sport,
particularly leads the specific neural adaptations of the muscles. Explosive-strength
performance testing has been traditionally used as an indicator of the improved
neuromuscular characteristics and anaerobic performance '. ES can be determined
measuring the power output generated during consecutive jumps according with the
well-established Bosco test for anaerobic performance .

Exercise responses of athletes to hypoxia have been extensively studied, but the way in
which hypoxia could be able to improve aerobic or anaerobic performance remains
unclear °. Although exercise in hypoxia has been shown to be associated with a
reduction in the maximal oxygen uptake (VO,max) and the flux through skeletal muscle
* we can admit that activities that have a minimal aerobic component such as anaerobic
performances, maximal muscle power (i.e. wingate test or Bosco test) and muscle

>0 Under this premise, it could be

strength are minimally affected by hypoxia
speculated that the combination of explosive-strength training with hypoxia, which
augments the training stimulus for the anaerobic metabolism *, would lead to greater
performance improvement than training in normoxia for sports with greater anaerobic
character. Prerequisite, however, would be that during such training regimes (anaerobic
training) the same absolute work intensity could be kept when compared to normoxia.

It is generally assumed that hypoxia exacerbates the reduced capacity of oxygen uptake
and transport (1-2% low Vo2max each 1% decrement of Sao2 below 95%) leading to a
lower aerobic performance. In this regard, Calbet et al > reported a 7-16% reduction in

the aerobic power output during maximal exercises. However, few reports have

addressed decreases in maximal power output during anaerobic exercises under hypoxic
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conditions up to 12% FiO, " In fact, some studies have recently reinforced this idea
showing as a program of short-time (i.e. 12 sessions during 4 weeks) in a regimen of
repeated-interval training (anaerobic exercise) significantly improved higher the
anaerobic performance comparing with the equal sea-level training "*.

The present study sought to investigate whether different inspired FiO, modified the
capacity of generate power output during jumping exercise in comparison with
normoxia. We hypothesized that ES could be maintained in mild and severe hypoxia in

comparison with normoxia.

METHODS
Participants

Eight physically active men (age: 33.6 + 4.1 yr; height: 1.77 + 0.05 m; body mass: 74.4
+ 6.9 kg) participated in the study. They were informed about the aims of the study,
possible risks and side effects. The study was carried out in conformity with the ethical
standards laid down in the 2008 declaration of Helsinki and was approved by the ethics

committee of Bioethics Committee of the University of Innsbruck.
Experimental Design

Six series of maximal consecutive countermovement jumping, lasting for 15 seconds
with a rest period of 3 minutes between series, were performed under different hypoxic
conditions: Normoxia (N), FiO,=20.93% O,, moderate hypoxia (MA), FiO,= 16.5% O,
and high hypoxia (HA); Fi0,=13% O,). These sort of training (i.e. plyometric training)
has been found to stimulate stretch-shortening cycle and to increase anaerobic power

output *. To familiarize with the protocol test, 48h before the start of the study,
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participants were allowed to practice the movement pattern of the countermovement
jump (CMJ). Subjects were advised not to consume any kind of food or drink but water
during the 90 minutes period prior to the test. At the same time, they were not allowed
to perform any physical activity 24 h before the exercise test. The duration of the three
exercise test in the different experimental conditions not exceeded 35 minutes in any
session. Sessions were performed in a random order at the same time of day separated
by at least 72 h. During all the tests the participants were unaware of the simulated
altitude at which they exercised. Before each test subjects performed the same warm-up
protocol consisting in 10 minutes of running at 65% of the maximal individual heart
rate and stretching 5 more minutes. All subjects used the same model of shoes (Adidas
specific model to weightlifting gym training) during the exercise tests. Furthermore, a
Borg's modified CR10 Scale as a sensitive method to evaluate fatigue was used to

measure perceived exertion of the subjects after the execution of the exercise.

Procedures

A hypoxicator (b-cat HA6500M, Nederland) was used to produce simulated altitude
conditions via control of oxygen content. Hypoxia was applied via face mask and the
degree of hypoxia was controlled with Drager Multiwarm II (Sd 8313300, Austria).
Fingertip capillary blood samples were obtained from each subject 4 minutes after
finishing the last serie to determine blood lactate (Lc) concentrations (Biosen C-Line,
EFK Diagnostik, Germany). Before the start of the first training session creatinekinase
(CK) activity was determined (Refloton Sprint, Germany), as a basal value, and also 24
hours before and after the tests at different hypoxic conditions. A force platform (Kistler
type 9865 C, Germany) with the software MLD 3.2 (Sp Sport Mukel-Leistungs-

Diagnose 3.2, Austria) was used to analyze the power performed during the jump tests.
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Explosive-strength performance was expressed as Watts (W). During the first 30
seconds after finishing each jumping bout and following each series, the arterial oxygen

saturation (Sa0;) was measured with a pulse oxymeter (Onyx Il model 9550, Austria).
Statistical analysis

Data analyses were performed by means of the statistical software Sigmaplot v.11
(SYSTAT Software Inc, San Jose, CA, USA). After testing for normal distribution
(Shapiro-Wilk) paired student #-tests were used to compare values of CK, Lc, BFS and
Sa0,. Power output data were analyzed using ANOVA with post hoc Holm-Sidak test.
The significance level was set at p<0.05. Data are presented as mean * standard
deviation (SD).

RESULTS

CK, Lc and SaO, values

Neither the CK (N: 79.4 + 15.6, MA: 85.1 + 26.6 and HA: 84.2 + 47.1 U/L; p>0.05)
values nor the maximal blood lactate concentration (N: 7.5 = 3.0, MA: 7.6 = 4.0 and
HA: 7.9 + 2.9 mM/L; p>0.05) measured 24 h after the test sessions differed among
hypoxia conditions. Disregarding hypoxia level, SaO, values decreased from the first to
the last bout but, as expected, were higher at N (98.6% + 0.7 and 96.7% =+1.9) when
compared to MA (94.7% = 2.3 and 90.7% = 3.8) and HA (95% + 2.9 and 81.5% =+ 4.6).
Statistically significant differences were found for the average of the 6 bouts comparing
N (97% = 1.1) with MA (91.3% =+ 3) (p<0.002) and HA (85.1% =+ 4.6) (p<0.01). When
compare MA with HA, statistically significant differences were found from 4™ bout to
final sets (Figure 1).

Exercise-related measurements
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The average power of the entire training (6 sets) indicates the mean power generated for
each subject in each bout and did not statistically differ between N and MA (3187 + 46
W vs. 3184 = 15 W, p=0.82). However, differences in mean power output were found
between N and HA (3187 + 46 W vs. 3285 £43 W, p<0.001). Mean power output at the
different simulated altitudes for the six sets of each test is shown in Figure 2. The Peak
power reached in each set was individually calculated and it did not differ among the
three conditions either. The average of the peak power at N was 3196 + 761.4 W; at
MA 3228 +704 W and HA 3306 £735.7 W. However, as can be seen in Figure 3 no
significant differences were detected among the first and the last set of the exercise test.
Although remarkable, values selected from the modified Borg fatigue scale showed no
statistically significant differences for hypoxia level: N (7.1 £ 1.9), MA (8.1 = 1.4) and

HA (8.9 £2.1), (p>0.05).

DISCUSSION

The main finding of this study was that although subjects exercising in hypoxia reached
a greater hypoxemia and effort-perception as the FiO, decreased, neither mild nor
severe hypoxia negatively affected the capacity to execute anaerobic power output
during consecutive jumps bouts. Blood concentration of Lactate and Creatinkinase did
not show significant differences between conditions.

Subjects were able to maintain both average and peak power output during exercise in
hypoxia along the bouts (Figure 2 and 3). These results confirm and extent the
observations of previous studies applying anaerobic exercise in hypoxic conditions
(Wingate test *~”, running '°, jumping ® and repeated sprint performance ’). Maintaining
the same absolute work load in comparison with exercise in normoxia is a critical factor

for muscular adaptations in hypoxia when the aerobic metabolism is mainly required

8
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and Sa0, is decreased ''. However, both all-out exercises as hypoxia condition, largely
demand the anaerobic energy sources to compensate the reduction of the aerobic ATP
production in order to maintain the intensity of exercise. This fact was confirmed by
Ogura et al '? and Friedmann et al '® who reported significant decreases in the O, uptake
during supramaximal in severe (12.7% O;) and moderate hypoxia (15% O,.

Previous studies have speculated that a reduction in the oxygen availability during high-
intensity intermittent exercise in hypoxia results in a higher accumulation of blood
lactate ° due to the greater anacrobic metabolism participation. In our study, after
different FiO, conditions, participants achieved a similar lactate value (~7 mmol 1)
(see results). These values were lower than reported in others studies testing the
anaerobic performance but twice as long (15-s here vs. 30-40-s) >~'%'* Tt could be
speculated that the 15 second bout would largely affect O, stores and CP concentration
and the recovery time of 3 minutes between series could be sufficient to restore these
stores .

Other remarkable finding of this study was that despite the observed significant declines
in Sa0; during exercise in hypoxia in comparison with normoxia (Figure 1) subjects
were able to maintain the anaerobic power output along the bouts. These results are in
agreement with previous research showing a remarkable decrease of SaO, (~83%) after
30-s anaerobic exercise in hypoxia but not in normoxia (~97%) °. In this topic, Calbet et

al °

reported that larger decreases of the SaO, during exercise in hypoxia could
demonstrate a greater anaerobic energy production in hypoxia. On the other hand, the
higher hypoxemia was associated with a greater effort-perception during exercise in

hypoxia (~25%) than normoxia. Likewise, Amann et al '* described as a reduced brain

O, availability could increase the effort-perception.
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Some limitations in this study have to be mentioned. Unfortunately, without muscle
biopsy we were are not able to undoubtedly determine the metabolic effects of hypoxic
training in the present study. The sample size was rather small and only male gender
was analyzed, so the outcomes could not hold true for females. We cannot exclude a
“learning effect” throughout the study. It was to avoid this that we performed the
exercise test in a random altitude order. It could be speculated that in already well-
trained athletes, which require supramaximal and specific stimulus of exercise, the
addition of a hypoxia to the anaerobic exercise regime could lead to muscular and
metabolic stimulus that with training alone could not be attained. Indeed, this
speculation has been recently investigated throughout short-programs of high-intensity
intermittent training in hypoxia showing a greater anaerobic performance in comparison
with the same protocol performed in normoxia '>'°.

In conclusion, the present study showed that average and peak power output during
such ES training was not negatively affected by different altitude conditions but was
even lightly increased at HA. Performing such training regimen could improve the
adaptations of the anaerobic metabolism as have been reported recently. Additionally it
could be speculated that lower training volumes could be enough to obtain similar
adaptations when comparing to training in normoxia. However further studies are

needed to confirm these conclusion.

PRACTICAL APPLICATIONS

Many sports demand high anaerobic power outputs and improving this capacity is
highly desirable for these athletes. Therefore this type of training could be helpful for
already well-trained athletes to increase the training stimulus and consequently their

training adaptation.

10
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FIGURE LEGENDS

Figure 1. Oxygen saturation at different altitude conditions. a) Statistical differences

between N and LA, b) Statistical differences between N and HA, c) Statistical

differences between MA and HA. Significance p<0.05.

Figure 2. Average power output during each bout under different conditions. W (Watts);

550m (normoxia); 2500m (moderate altitude) and 4000m (high altitude).

Figure 3. Average peak power during first and the last set under different hypoxic

conditions. N (normoxia); MA (moderate altitude) and HA (high altitude). W (watts).

12
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INTRODUCTION

Heart rate variability (HRV) has been studied as a non-invasive method to assess autonomic
function after the cessation of exercise '. Decreases in HRV parameters are related to conditions
such as diabetes, heart disease, hypertension, asymptomatic left ventricular dysfunction, and
myocardial infarction ®. Conversely, interventions that reduce sympathetic activity and/or
increase parasympathetic activity have been shown to protect against lethal arrhythmias. Many
studies have shown that regular exercise training increases HRV parameters, however, the
maintained high frequency of training imposed ensures that the adaptive effects are cumulative,
which could decrease these parameters °. These changes in HRV are considered as a fine

indicator of imbalance between exercise stress and recovery and increased sympathetic drive *.

Likewise, hypoxic environment has been argued to be a stressor for the whole body that also
causes a decrease in the total spectral power, with an increase in relative sympathetic tone
associated with a decrease in parasympathetic tone °. In the last decades, an increasing number
of well-trained endurance athletes are using hypoxia as a complementary training method to
improve performance. Mainly for aerobic events, such as long distance runners, the
measurement of the HRV has been demonstrate as a reliable method to assess the individual
response to the training and hypoxia °. However, few reports have addressed whether a single
exercise bout (with maximal anaerobic power output orientation) performed in high or moderate
hypoxia causes a higher autonomic dysfunction after 24h of recovery than the same training

completed in normoxia.

In this regard, here we analyzed the impact that it had one high-intensity interval training
session (anaerobic capacity) under different inspired oxygen fractions (i.e. 21, 16.5 and 13.5 %)
on both HRV and the effort-perception throughout a modified Borg’s scale °. We hypothesized
that higher hypoxia induces additional stress, which can disrupt the balance of the autonomic
nervous system in a greater extent than moderate hypoxia or normoxia. Despite this hypothesis,

there is a growing body of evidence in this area based on studies of moderately trained athletes
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that a single exercise bout may result in increased sympathetic influence only during 1h
postexercise ' and that 24h postexercise the autonomic function returns to baseline levels ’. The
principal aim of this study was to assess whether different hypoxic conditions produce different
vagal activity in the long-term HRV kinetics in comparison with the same exercise performed in

normoxia.
MATERIALS AND METHODS

Subjects

Eight recreational athletes (See anthropometric characteristics at Table 1) from the Sports
Science School at the University of Innsbruck were informed about the aims, risks and benefits
of the study. All subjects performed 3-5 weekly training sessions and none reported physical or
health problems. Participants were familiar with the training regime applied. They were not
allowed to eat, or drink coffee 3 h before the tests, and physical exercise and alcohol intake
were prohibited during the preceding day. During the 24h of recovery after the exercise subjects
were not allowed to perform any physical activity. The study was according to Helsinki
Declaration, Bioethical Committee of the University of Innsbruck, Austria, approved the

protocol, and all subjects gave written informed consent.

Procedures

Tests started at 8 am on 3 days separated by at least 72 hours. On arrival at the lab, weight and
height were measured. Immediately, HRV parameters and baseline heart rate were recorded
during 5 minutes on supine position with a Polar RS810 device following Seiler et al ’
procedure. Immediately after, participants started the low intensity warm-up program (running
or cycling at 65% of the estimated maximal heart rate) for 15 min. They then performed the
interval training under one of the environmental conditions as follows: FiO2 = 21%, 16.5%
13.5% and respectively named normoxia (N), moderate altitude (MA) and high altitude (HA).
The order of altitude was selected at random and subjects were no informed. Training consisted

of 6 sets of continuous countermovement jumps lasting for 15 s with 3 min of recovery between
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sets. This test was performed following the universally accepted Bosco’s anaerobic alactic
power testing model ®. Four minutes after cessation of the last bout, capillary lactate was
collected from the finger of each participant. At the same time, subjects were asked about the
effort-perception of the exercise scaling until 10 points as more extenuate effort possible. HRV
measures were performed 24h after training for each participant. Data were analyzed in the time
and frequency domains. Variability indexes in the time domain were RMSSD (square root of
the mean of the sum of the differences between the intervals), pNN50 (percentage of number of
R-R intervals differing from the precedent by more than 50 ms divided by the total number of
R-R intervals in the sample), and the mean value R-R intervals. Spectral frequency components
were calculated using a fast Fourier transformation algorithm: total spectral power (TP between
0 and 0.50 Hz) and all spectral energy bands, very low (VLF <0.05 Hz), low (LF between 0.05
and 0.15 Hz), and high (HF between 0.15 and 0.40 Hz) frequency, were expressed in absolute
units (ms’/Hz) and their relative power was expressed as a percentage (%) of the sum of the

three. The low to high frequency ratio (LF/HF) was also calculated.

Statistical analysis

Data were analyzed using SIGMAPLOT version 11 (SYSTAT software Inc, San José, CA,
USA). All results are expressed as mean + standard deviation. Statistically significance was
accepted at p<0.05. After a screening multiple factor ANOVA analysis, ad hoc paired t-test by

groups were used to contrast the differences before and after under each experimental condition.
RESULTS

The mean (SD) basal heart rate measured 24 h after the exercise showed non-significant post-
training session increases in N and in HA were noted, in contrast to the reverse trend observed
in MA (see Table 2). Although no significant changes were found for HRV parameters, N and
MA showed a similar trend after the training, while an opposite tendency was observed in
several parameters at HA (Table 2). At MA, all parameters increased post-training, whereas at

N, all variables slightly increased except the LF/HF ratio. In contrast, at HA a reverse trend was
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observed for R-R intervals, pNN50, LF and the LF/HF ratio. TP, VLF and HF increased 24 h

after training in all groups, whereas LF tended to decrease only at HA.

The average power reached during sessions was similar for all conditions without significant
differences (see Table 1). At the same time, capillary blood lactate measures were no significant

different between environmental conditions (21% O%* 7.5 £3.0, 16.5% O%* 7.7 +4.0 and

13.5% O? 7.9 +3.0 mmol.I" (p>0.05) (Figure 1).

As expected, there was a direct correlation in reported effort-perception as FiO, levels
decreased. In comparison with N, at HA, non for MA, subjects reported a greater effort-
perception during exercise (p=0.02). However, 24 h after the exercise the fatigue-perception

was imperceptible in whatever condition (Figure 1).
DISCUSSION

The aim of this study was to compare the effects of a single exercise at different hypoxic
conditions on the long-term autonomic nervous system balance (HRV) and the effort-perception
in comparison with normoxia. The principal finding of this study was that long-term HRV
parameters were not influenced by acute hypoxic exercise in greater extent than normoxia.
Despite this similar autonomic response, immediately after the cessation of exercise, subjects

reported a higher effort-perception at HA and MA in contrast with N.

We observed that, except for the HA group, which showed slight decreases in R-R intervals, at
N and MA, the most representative parameter of HRV slight increased. However, pNNS50, LF,
RMSDD, TP, VLF, LF and HF did not show marked modifications. A possible justification
could be that one acute session (~ 40 minutes) although supramaximal (~ 3100 W executed; ~
40 w.kg"), only affects the HRV on the immediately hours after the exercise °. In this regard,
different studies have reported as only at short-term (1 h) after severe exercise was observed an
increased sympathetic regulation "*. In contrast, 24 h after exercise this condition was reversed

after different exercise conditions: skiing 75-km '°, running 46-km in altitude "' and interval
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exercise '. Alternatively, variables as the fitness level also could contribute to a greater rapid

recovery of parasympathetic balance after severe exercise °.

Povea et al ° reported a relative increase in sympatho-vagal dominance after hypoxia, thus
indicating sympathetic predominance and higher fatigue in comparison with normoxia. Here we
found that severe exercise with the supplemental hypoxic stress did not produce a
parasympathetic imbalance on the long-term HRV kinetics. Correspondingly, decreases in LF
components and responses of the RMSDD and pNN50 found here can be assumed as a sign of
parasympathetic dominance . In the present study, RMSDD and pNN50 tended to increase at N
and MA, except pNN50 at HA. This fact, may reflects the complete recovery of the subjects due
to a markedly rebound of the vagal activity during the subsequent 24 h after exercise. Higher
values of HF have been correlated with elevated parasympathetic activity but surprisingly we
found that after exercise HF values under HA tended to be higher than those at LA and MA.
Whereas the LF/HF ratio is sometimes used to study sympatho-vagal dominance ', the role of
LF spectra is more controversial. Povea et al. > showed a relative increase in LF and the LF/HF
ratio after hypoxia, thus indicating sympathetic predominance and higher fatigue in comparison
to exercise in normoxia. Our results indicates a similar tendency for LF spectra was found (+
decrease of 0.3%) but not for LF/HF ratio (increase in MA but decrease in N and HA). These
findings do not provide concise evidence and rise a question about the usefulness of HRV
monitoring, at least for this kind of exercise, regarding the control of volume of training and
fatigue recovery. As opposed to expected, we failed to detect signs of a higher cardiovascular
stress at simulated HA. Our findings are partly agree with Mourot et al.”, who concluded that
the total physical work determines long-term HRV recovery and not the type of exercise, in
contrast to short-term HRV recovery. This idea could be reinforced with the data provided by
the lactate response to exercise at these three hypoxic conditions confirming that similar nature
of the metabolic demands in which participants attained 7~mM.I"" correlates with a similar HRV

kinetics after long-term recovery. The effort-perception reported by subjects during sessions
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showed as severe hypoxia was harder perceptively than MA or N. However, a completely

recovery was reported 24 h after all conditions.

The main limitation of this study was the lack of HRV monitoring during the immediate hours
after the exercise training at altitude. This monitoring would reveal potential differences in the
short-term kinetics of HRV recovery after heavy exercise at different altitudes. Regrettably, this
study does not provide a clear evidence about the ideal altitude at which to achieve optimum
hypoxia-induced anaerobic alactic exercise. Despite these inconclusive results, it could be
pointed that in a previous study, we described that heart rate recovery (immediately measured
after a maximal exercise), which is dependent on parasympathetic modulation, improved after 4
weeks of explosive-strength training (anaerobic training) in intermittent hypoxia at MA in
comparison with the same procedure performed in normoxia °. Therefore, according with the
similar average power performed during sessions, hypoxia did not reduced the exercise

performance comparing with normoxia.
CONCLUSIONS

Although HRYV alterations have been reported immediately after constant and aerobic exercise,
we did not detect differences in HRV parameters 24 h after intermittent anaerobic training at
different FiO2. The results of this study reinforce the idea that the HRV analysis is a valuable
tool only during a limited temporal window immediately after the cessation of high intensity
exercise. Furthermore, the modify of the HRV could be not related with the intensity of exercise
or the environmental conditions at least after one supramaximal intermittent training in hypoxia.
However, the possible influence of consecutive days of supramaximal exercise in hypoxia on

HRV, i.e. applying the “Training High-Living Low” model, deserves further study.
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Captions to tables
Table 1. Anthropometric characteristics of the subjects. Mean values + standard deviation.
Average power performed during exercise bouts (Watts); Environmental condition (N =

normoxia; MA = moderate altitude and HA = High altitude)

Table 2: Heart rate variability data before and 24 hours after a 5-minute exercise session at three
simulated altitudes. Data are presented as mean values and standard deviation (£ SD).
Abbreviations: ms (milliseconds); VLF (Very Low Frequency); LF (Low Frequency); HF (High

Frequency) and ratio LF/HF (Low Frequency/High Frequency).
Captions to figure

Figure 1. Effort and fatigue perception plus lactate measurement. Environmental conditions (N
= normoxia; MA = moderate altitude and HA = High altitude). Lactate measures are expressed

as mmol.I". * indicates significance for p< 0.05 (HA vs. N)
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Table 1

Age, years
Height, cm
Weight, Kg

Body Mass Index, Kg'm™
Environmental condition

Average

power

output

N

31.1+4.3
177.6 £3
70.1 £5.2
223 +4.1
MA

HA

3173 £ 747

3142 £719

3260 + 800



Table 2

21% 16.5%

PRE 24 H POST PRE 24 H POST
Basal Heart Rate (beats'min™) 58+£9.1 62+£11.7 63.1+11.3 609+11.7
R-R intervals (ms) 1003 £173.5 1027.89 + 236 1018.19+191.4 1038.8 £222.9
RMSDD 66.12+33.4 68.31 +£49.5 67.53 +£38.68 70.41 +34.3
pNNS50 (%) 12.91 £8.2 14.83 £9.5 13.46+7.1 16.03+9.3
Total Power (TP) 12678.8 £ 9323  15999.1 + 12459 115557+ 7672 16424.4 + 12646
VLF (%) 69.8 £8.3 73.5+9.1 703 +£12.2 72.7+12.2
LF (%) 152+6.8 14.8+6.2 14.7+7.7 14.4+79
HF (%) 13.8 £9.4 11.6£7.2 14.9+10.2 12.3+10
LF/HF 153.4+75.2 129.1 £ 66.2 149.4 £ 122.5 198.6 +230.8
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Background: Cells respond to oxygen availability using a
variety of physiologic, molecular, and genomic mechanism.
Not only is the absolute value for cellular oxygen an important
determinant of cellular metabolic function, but the gradient
from the cell surface to the lowest levels in the mitochondria
are sensed and used for regulatory purposes locally as well as
in the generation of hypoxic responsiveness. Hypoxia is
theoretically important consideration in pharmacology of
disease because: (1) Altered cellular function may alter the
therapeutic effectiveness of the agent, (2) Therapeutic agents
may potentiate or protect against hypoxia-induced pathology,
(3) Hypoxic conditions may potentiate or mitigate drug-
induced toxicity, and (4) Hypoxia may alter drug metabolism,
and thereby therapeutic effectiveness.

Methods: The prototypic biochemical effect of hypoxia is
related to its role as a co-factor in a number of enzymatic
reactions, e.g., oxidases and oxygenases, which are altered
independently from the bio energetic effect of low oxygen on
cytochromome oxidase functions. The cytochrome P-450
family of enzymes is one example where there is a direct
effect of low oxygen availability in decreasing its metabolic
functions, thereby decreasing the metabolism of drug
substrates. Indirectly, NADH/NAD+ is increased with 10%
inspired oxygen and leads not only to reduced oxidation of
ethanol, but also theoretically to a reduction of azo- and
nitro-compounds to amines and disulfides to sulthydryls.
With chronic hypoxia, many of these processes are reversed,
suggesting that hypoxia induces the drug metabolizing
systems. Support for this comes from observations that
hypoxia can induce HIF1a which in turn induces transciption
and function of some but not all cytochrome P450 isoforms.
Results: The prototypic product discovered through studies
of the in vivo response to hypoxia is erythropoietin. Most
recently, hypoxia has been studied as a co-factor in disease
expression (e.g., preeclampsia) and in tumor metastatic
potential. Thus, given the magnitude of cardiopulmonary
disease and cancer, the direct effects of hypoxia on cellular
drug metabolism probably should be considered in the
assessment of current and future therapy, and the signaling
pathways that are affected by hypoxia could become a new
target for novel therapy.
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Lactic anaerobic capacity enhancement

by explosive-strength endurance training

under simulated altitude conditions.

J. Alvarez', S. Julia', T. Pagés', G. Viscor', F. Corbi®
"Departament de Fisiologia-Biologia, Universitat de Barce-
lona, Spain

?Laboratori de Biomecanica, Institut Nacional d’Educacié
Fisica de Catalunya, Centre de Lleida, Spain

Background: There are scarce data and scientific agreement
concerning to the adaptive responses to intermittent
hypoxia for anaerobic physical fitness improvement. This
study was aimed to assess the responses in the lactic
anaerobic pathway against a speed—strength—endurance
training protocol (half squat with programmed individual
loads) for 4 weeks, three sessions per week, in two groups:
HYP (rn=5), trained into a hypobaric chamber (2,500 m)
and NOR (n=7), trained with the same workloads at sea
level.

Methods: Anaerobic power was tested before and after the
training protocol according to the well-established Bosco’s
vertical jumping test procedures: squat jump (SJ), coun-
termovement jump (CMJ) and 60 s countermovement
jumping test (CMJ60). Thus, mean height for CMJ60
(cm), partial heights every 5 s and 15 s and elasticity (ELI)
[(CM1I-S))/S))-100], work loss [CMJ60/CMIJ] and heart
rate recovery (HRRI) [(HRpmax — HRy 2 min)/(HRmaxtheor/
HR,,.y)] indexes were measured and/or calculated. Sub-
jective perception of effort after each training session was
also recorded.

Results: After training, HYP improved 6.75% in mean
height CMJ60 (p=0.029) as compared to NOR (Table 1):

Table 1. Increase in mean height in HYP and NOR groups;
**p<0.05

Group Pre Post Increase
Hypoxia (n=5) 18.42+2 22.57+2.3 22.5%**
Normoxia(n=7) 18.46+3.5 21.37+4.1 15.7%

Significant differences were also found in work loss
between pre—post in hypoxia group comparing CMJ60
tests (Table 2):

Table 2. Mean work loss [CMJ60/CMIJ] pre- and post-
training in HYP and NOR groups; **p<0.05

Group Pre Post
Hypoxia (n=5) 0.62 0.66**
Normoxia (n=7) 0.58 0.56

Elasticity index was improved from 4.60 to 9.66 in NOR
and from 2.89 to 4.59 in HYP. A better HRRI was found in
HYP (75.94) than in NOR (55.99). Partial heights at 45—
60" interval increased 32.9% for HYP against 21.9% for
NOR. Perception of effort and fatigue was higher in HYP.
According to these results, it would be interesting to assess
SSE training at simulated altitude as a means to improve
lactic anaerobic pathways. This approach is compatible
with parallel sea level training and does not affect the
specific-motor components that require high intensity loads
only reachable at low altitude.
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A program of force training at simulated altitude does
not influence postural balance

J. Alvarez', S. Julia!, T. Pagés], G. Viscor!, F. Corbi®
"Departament de Fisiologia-Biologia, Universitat de
Barcelona, Spain

?Laboratori de Biomecanica, Institut Nacional d’Educacio
Fisica de Catalunya, Centre de Lleida, Spain

Background and objective: Postural balance can be affected
by intermittent exposure to hypoxia. The objective of the
present study was to evaluate the influence on the postural
balance of a force training program (half squat with
programmed individual loads) developed in conditions of
hypobaric hypoxia. Subjects were divided in two groups:
normoxia (NOR, n=7) and hypoxia (HYP, n=5), and were
submitted to a protocol of lactic anaerobic force training
during 4 weeks, with three weekly sessions. HYP group

performed all the training protocol inside a hypobaric
chamber (2,500 m), whereas NOR group trained with the
same individualized workloads at sea level. The postural
balance was evaluated in all the subjects before the start and
after the end of their training protocol by means of a
stabliometric platform (Fussyo Model, Medicapteurs,
France). Guidelines of Association Francaise de Posturolo-
gie were followed, and all the evaluations were repeated for
each subject with open (OE) and closed eyes (CE).
Analyzed variables were: surface area drawn by centre of
foot pressure (CoP) and the path length described by the
CoP in their anteroposterior (x), lateral (y) and combined
(x, y) axes.

Results: Within NOR group, improvements with the eyes
closed in all the analyzed variables were observed, whereas
a different behaviour was found in HYP group. However, in
both groups, nonsignificant differences between before and
after protocol in any of the analyzed variables were
detected, neither with OE nor CE:

Normoxia Hypoxia

Open Eyes Closed Eyes Open Eyes Closed Eyes

Pre Post Pre Post Pre Post Pre Post
Surface CoP (mm?) 93 121 132 105 83 129 83 86
xy displacement (mm) 345.8 447.8 571.4 741.4 308.1 313.5 396.9 443.2
Mediolateral (mm) 213.2 256.6 295.1 296.4 184.3 143.0 194.6 189.9
Anteroposterior (mm) 261.6 340.4 467.8 616.5 193.4 251.2 329.3 362.7

Conclusion: These results suggest that further studies are
needed to confirm the possible relationship between
hypoxia, postural balance and force development.
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Hypoxia restores exercise-induced NOS-phosphorylation
at Ser1177 in erythrocytes of non-insulin-dependent
diabetic men

C. Braunroth, S. Berghéfer, C. Graf, E. Lenzen, W. Bloch,
K. Brixius

Department of Molecular and Cellular Sport Medicine,
Institute of Cardiovascular Research and Sport Medicine,
German Sport University Cologne, Germany

Objectives and methods: NOS activation in erythrocytes
(eryNOS) of patients suffering from type 2 diabetes is
impaired. The present study investigated whether physical

exercise (bicycle ergometry, WHO scheme) may influence
eryNOS activation (immunohistochemical detection of
eryNOS phosphorylation at serine 1177) and whether this
process may be altered due to a 6-week hypoxia interval
training (4x/week for 90 min: 3 x25 min with an interrup-
tion of 5 min at 15.4% O, (first week), 14.5% O, (second
week), 12.7% O, (last 4 weeks); support by Hohenbalance
GmbH, Cologne, Germany) in men suffering from non-
insulin-dependent type 2 diabetes (NIDDM, n=7, age
61.6+10 years, BMI 32.14+6.2 kg/cm?). Vascular elasticity
(TensioClinic Arteriograph, TensioMed Ltd., Budapest,
Hungary) and basal erythropoietin plasma concentrations
were measured as well.

Results: Before the hypoxia intervention, eryNOS phos-
phorylation at serine 1177 did not change during a cycling
ergometric test and 30 min thereafter (eryNOS-pSerl1177,;
basal, 17.4+12.0 arbitrary grey values (arGV) vs. exercise,
8.4+9.2 arGV vs. 30 min after exercise, 8.9+7.2 arGV).
The 6-week hypoxia intervention significantly decreased
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En la actualidad, muchos deportistas utilizan programas de hipoxia (crénica e
intermitente) durante su preparacion anual. Histdricamente, estos métodos han sido
utilizados por deportistas de resistencia (ciclistas, atletas, triatletas, nadadores, remeros,
etc.) con el objetivo prioritario de aumentar la respuesta hematopoyética y mejorar la

125 Sin embargo, en los ultimos afios diversos

capacidad de rendimiento aerdbico
estudios han apuntado que el entrenamiento intenso en hipoxia puede ser valido para
mejorar el rendimiento en deportes con un importante rendimiento anaerdbico y de

cardcter intermitente °''%°.

Esta tesis estd compuesta de varios estudios que
especificamente han valorado parametros de rendimiento anaerdbico; genérico (a través
de la capacidad de salto en 60 segundos) y especifico (carrera a pie; capacidad de
realizar series intervalicas al 90% de la maxima intensidad). Paralelamente, se
realizaron mediciones de respuestas fisioldgicas: lactato, frecuencia cardiaca y
saturacion arterial de oxigeno. Uno de los objetivos principales fue estandarizar el
mayor numero posible de condiciones: tiempo de exposicion, condiciones de hipoxia
(altitud simulada y condiciones de hipoxia hipobdrica), parametros de medicién del
rendimiento (anaerobico), caracteristica de los sujetos (deportistas entrenados),
ejercicios utilizados (fuerza resistencia y potencia) y descanso entre sesiones de
entrenamiento. Estas medias incluyeron entre 18 y 24 horas de exposicidn intermitente
hipobarica y con igual volumen de entrenamiento en el grupo de normoxia; la altitud
simulada en los dos estudios realizados con entrenamiento fue de 2500m y 3000m. Los
resultados obtenidos aportaron datos sobre el rendimiento deportivo, la respuesta
metabolica del lactato, la frecuencia cardiaca, la saturacion arterial de oxigeno y la

intensidad de ejecucion durante en entrenamiento de potencia en hipoxia y normoxia.

Los deportistas de élite siguen programas de entrenamiento basados en principios
teoricos muy estructurados (ver introduccion; principios de entrenamiento). El objetivo
de éstos es crear modificaciones homeostaticas constantes creando ajustes que
favorezcan la mejora fisica y fisiologica. En este tipo de deportistas, estos cambios son
cada vez mas dificiles de obtener en base a la alta competencia alcanzada y por ello la
inclusion de estimulos de nueva orientacion a los cuales responder es una alternativa
optima para seguir mejorando. Tedricamente, podria suponerse que la realizacién del
entrenamiento de fuerza especifica en condiciones de hipoxia podria favorecer el
cumplimiento de varios principios entre los cuales debemos describir: 1) la importancia

de la especificidad del entrenamiento de fuerza en el deporte; 2) el aumento de la
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intensidad relativa de esfuerzo y 3) la individualizacion de los métodos de

entrenamiento.

(Por qué realizar entrenamiento de fuerza en condiciones de hipoxia intermitente? El
entrenamiento de fuerza es un método universalmente utilizado en todos los deportes
individuales, tales como el remo '?’, ciclismo '*%, atletismo '*° y en deportes colectivos
como el futbol '*°. Es un componente del entrenamiento altamente especifico *'*? y su
especificidad aumenta a medida que el caracter de esfuerzo del deporte se incrementa.
Por ejemplo, debe ser mas especifico el entrenamiento de fuerza explosiva en acciones
aisladas, por ejemplo durante un salto de longitud, que en un proceso continuo (carrera
de larga distancia) porque sus beneficios sobre el rendimiento muscular correlacionan
mads directamente con las variables implicadas en la contraccién muscular y el tipo de
fibras. En el caso de los movimientos ciclicos continuos como el pedaleo o la zancada,
si mejoramos los niveles de fuerza en los musculos implicados, un deportista puede
incrementar la eficiencia neuromuscular '** a través de la mejora en el rango de

activacion y reclutamiento de las unidades motoras *>'**

. Este aspecto es importante
cuando los primeros sintomas de fatiga aparecen y existe un aumento en las
concentraciones de hidrogeniones (H") y otros residuos producidos por la glucélisis
anaerébica *'*°. Por esta razon, el rendimiento deportivo final es la suma de la
efectividad de los sistemas centrales (sistemas cardiovascular y respiratorio) y
periféricos (musculo esquelético) que influyen en la capacidad de generar potencia de

fuerza muscular en condiciones de fatiga 17

Durante la progresion deportiva de un deportista, la carga de entrenamiento y
competiciébn se incrementa progresivamente a un nivel similar que la intensidad
ejecutada. En condiciones de hipoxia, la menor disponibilidad de O, es el principal
factor que causa un aumento del estrés debido a la diferencia entre la demanda de
oxigeno y la energia producida. Este proceso tedricamente se suple aumentando la
participacion del metabolismo anaerdbico y se describe bajo el concepto de déficit
acumulado de oxigeno '**. Cuando la intensidad del ejercicio es maxima o supraméxima,
el aporte de energia se realiza a través de la sintesis de ATP y existe una acumulacidon
intracelular de H' que puede provocar una reduccion en la potencia generada. Esto seria
debido a una inhibicién de la enzima fosfofruktoquinasa (PFK) enlenteciendo la

139 con una consecuente afectacién de la

124

glucdlisis y la produccion de energia

contraccion muscular disminuyendo la fuerza contractil Este aspecto ha sido
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comprobado mecanicamente a través de la medicidon de la actividad mioeléctrica del
musculo comparando condiciones de hipoxia y normoxia, y se ha reportado que existe
una reduccion de la actividad electrica muscular en hipoxia. Un estudio ha reportado
como durante un ejercicio hasta el agotamiento, la fatiga en normoxia se alcanzaba a los
8 minutos, mientras que se reducia en hipoxia severa (2 minutos) y moderada (4
minutos) se reducia . Este hecho podria explicarse por un descenso en el reclutamiento
de unidades motoras producido por una acumulacién de fatiga a nivel periférico
(acumulacion de metabolitos fruto de la glucolisis anaerdbica) y central (sistema

nervioso).

Para comprobar el rendimiento fisico anaerdbico, realizamos dos estudios en los cuales
valoramos la capacidad de trabajo y el indice de fatiga. Ambos estudios adolecen de las
limitaciones metodologicas debidas a que no se ha dispuesto de ningln tipo de
financiacidén o subvencion para la realizacionde la presente tesis doctoral. El el primer
estudio, el disefio del programa de entrenamiento fue especificamente encaminado a
entrenar las extremidades inferiores (sentadillas, sentadillas con salto y saltos)
combinando diferentes tipos de fuerza (resistencia y explosiva), posteriormente al
entrenamiento valoramos la capacidad de resistencia a la fuerza explosiva (midiendo la
altura media de los saltos continuos durante 60 segundos). Este test fue descrito por
Bosco ' y se ha considerado valido en la medicién de la capacidad anaerébica '*'"'*.
Los resultados obtenidos mostraron una importante mejora después del programa
realizado en hipoxia y especificamente esta mejora fue muy clara en el Gltimo tramo del
test (40 a 60 segundos) cuando el efecto de la fatiga es mas patente. Después de estos
resultados cuestionamos la aplicacién de esta mejora en un movimiento o ciclo
especifico (zancada en carrera) y disefiamos otro estudio de similar orientacion pero
valorando el rendimiento en carrera. A diferencia del primer estudio, se programo6 un
ciclo de entrenamiento incluyendo ejercicios de fuerza en circuito '* que los atletas
clasicamente utilizaban durante la temporada. En este segundo estudio valoramos la
capacidad anaerdbica lactica cuantificando el nimero de series que los deportistas eran
capaces de realizar al 90% de la velocidad méaxima en una distancia de 300 metros, con
caracter intervalico (recuperacion incompleta de 3 minutos entre series). Este
rendimiento fue medido antes y después de realizar el programa de fuerza y los
deportistas no realizaron ningun entrenamiento complementario. Igual que en el primer

estudio, encontramos mejoras significativas en la capacidad de realizar mas series hasta
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el agotamiento a la intensidad descrita. Es importante destacar que nuestros resultados
concuerdan con otros estudios que también reportaron mejoras del rendimiento
anaerobico después de protocolos de entrenamiento en condiciones de hipoxia

144,145

intermitente Por el contrario, ésto no sucede cuando la intensidad de

entrenamiento en hipoxia es proporcionalmente menor en comparacién con normoxia
30,146

La valoracion de la intensidad de ejercicio en hipoxia (en comparaciéon con normoxia)
es esencial para objetivar e individualizar la carga de entrenamiento. Para comprobar
este aspecto, realizamos otro estudio en el cual observamos quen no habian diferencias
en la potencia generada (maxima y media) entre condiciones de hipoxia (moderada;
2500m y severa; 4000m) y normoxia. Este hecho ha sido confirmado por otros estudios
donde también se han reportando minimas reducciones en el rendimiento anaerdbico en
condiciones de hipoxia '“'**. Pese a estos esperanzadores resultados, deberiamos

destacar varios aspectos:

1) En el estudio descrito por Calbet (2003), se destacaron diferencias entre deportistas
de diferentes disciplinas deportivas (de resistencia o esprinters). Teniendo en cuenta el
principio de individualidad del entrenamiento deportivo seria importante objetivar esta
premisa. Pese a ello, el estudio citado concluyd que en hipoxia tanto esprinters como
ciclistas de resistencia, requerian una contribucion energética de la via anaerdbica
mayor para compensar la reduccion en la produccion de ATP por via aerdbica.
Recientemente, Bowtell ** también ha confirmado esta conclusion, mostrado como el
rendimiento maximo durante 6 segundos en series intervalicas (recuperacion incompleta
de 30 segundos) no empeora en condiciones de hipoxia (comparando entre diferentes

FiO, (21% al 13%).

2) Pese a que existe bastante acuerdo sobre la posibilidad de mantener la intensidad de
esfuerzo méaximo en hipoxia (corta duracion), las mediciones de lactato en estos
estudios muestran datos dispares que dificultan la comprension de la implicacion
metabolica anaerdbica. La causa para estas discrepancias podria tener relacion con la
confeccion de los protocolos de entrenamiento en aspectos como la duracidn, intensidad,
tipo de ejercicio realizado, test utilizados y tiempos de recuperacion entre esfuerzos que
facilitaria o dificultaria la recuperacion de la via glucolica llevando a generar mayores o

menores niveles de lactato. En nuestra investigacion encontramos valores equivalentes
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de lactato entre hypoxia y normoxia (~7 mM) pero inferiores a los descritos por Bowtell
(~11-12 mM). La recuperacion entre series intervalicas en nuestro estudio fue de 3
minutos (para 15 segundos de intensidad de ejercicio) mientras que en el estudio de
Bowtell sélo recuperaban 30 segundos (para 6 segundos de intensidad méaxima). Podria
especularse que el tiempo de recuperacidn entre series determina en parte la intensidad

subjetiva del esfuerzo y la implicacion metabdlica.

3) Existen relativamente pocos estudios que hayan comprobado especificamente el
rendimiento anaerdbico después de programas activos en hipoxia. En muchos casos se
ha evaluado como una medida complementaria a la capacidad aerobica (VOomax) y los
resultados con resultados son contradictorios, describiendo incrementos minimos 149-151
o significativos 152 del VO;max. En cambio, cuando se ha evaluado la capacidad de
trabajo (la capacidad de acumular més volumen de trabajo) muchos estudios coinciden
en su mejora después de programas de corta duracion entrenando en hipoxia
intermitente (Terrados, 1990) (Benoit H, 1992). Esta mejora ha sido también observada
en nuestro segundo estudio, en la cudl hubo un aumento significato de la capacidad de

realizar mas series hasta el agotamiento (en normoxia un 33% (de 21 a 28 series pre-

post entrenamiento) y en hipoxia un 53,8% (de 26 a 40 pre-post entrenamiento).

4) Parece comprobado que el entrenamiento intermitente en hipoxia no mejora la
capacidad de maxima potencia (p.ej. maxima altura de salto en un unico salto o mejora
del tiempo maximo (100%) en la serie de 300m). Nuestros resultados no aportaron

15

. , . 3 g o, .
mejoras en este aspecto en linea con Geiser ~°, que describido solo mejoras en la

capacidad de mantenimiento de la potencia y la capacidad oxidativa muscular.

Es dificil valorar especificamente los parametros de mejora del rendimiento anaerdbico
después de protocolos de entrenamiento en hipoxia intermitente debido a las diferencias
en las mediciones descritas. Sin embargo, existe un rango promedio de mejora que
comprende el 3-5% en diferentes deportes empleando hipoxia activa ** y pasiva 2%
En comparacion con estos datos, nuestros estudios muestran un incremento del 6,75%
en la altura media desarrollada durante 60 segundos de saltos a méaxima intensidad y un
20,5% mas en el nimero total de series realizadas hasta el agotamiento. Pese a este
incremento, los datos de mas utilidad practica son los encontrados en el mejor

rendimiento en la ultima parte del test de 60 segundos cuando el metabolismo

anaerobico lactico es determinante (desde los 40 a los 60 segundos en el estudio de
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saltos y mas series hasta el agotamiento en todos los sujetos del grupo hipoxia). Ogura
et al **, también apunt6 esta mejora durante la ultima fase de un test de Wingate (de los
20 a los 40 segundos) posiblemente por una mejora significativa de la contribuciéon
anaerdbica. Este mantenimiento de la intensidad en la ultima parte del ejercicio es muy
importante en los deportes de corta duracion y maxima intensidad, porque la influencia
de la fatiga a nivel periférico es determinante para reducir la intensidad de ejercicio '°.
A nivel estadistico estos datos fueron significativos comparando ambos estudios y
grupos (intervalo de 45 a 60 segundos en el test final de 60 segundos en saltos en
contramovimiento; p = 0,029 y comparando el niumero de series y grupos antes y

después del programa de entrenamiento; p = 0,03).

En base a los resultados obtenidos, podemos especular que el mayor nivel de intensidad

alcanzado durante los entrenamientos en hipoxia contribuyd a tolerar un mayor nivel de

fatiga periférica *®%!°’

158

y contribuir a mejorar la capacidad amortiguadora del pH

muscular 159,

Esta premisa habia sido descrita anteriormente por Daniels
Mecéanicamente, podria ser que existiera una mejora en los parametros de fuerza y
potencia muscular disminuyendo el rango de afectacién de la fatiga a nivel muscular '®
y la mayor capacidad de activacion de las enzimas glucoliticas durante el rendimiento
anaerébico '°'. En este aspecto, la medida de la respuesta metabélica del lactato en
este tipo de ejercicios maximos nos puede aportar una descripcion simple de la
respuesta individual al entrenamiento '°, la intensidad del ejercicio soportada '** y como
una medida de la glucolisis acelerada °. Tedricamente, a medida que la intensidad de
ejercicio es proporcionalmente mayor respecto al maximo existe una mayor implicacion
glucolitica para generar energia y los niveles de lactato resultan en un desplazamiento
de la curva de disociacion de la hemoglobina hacia la derecha (efecto Bohr) '®,
permitiendo la descarga de oxigeno de la hemoglobina y una mejor captacion de las
células musculares desde la circulacién capilar. El déficit de oxigeno alcanzado en
hipoxia se incrementa con el ejercicio de alta intensidad y el ritmo de ajuste de entrega
del oxigeno desde los capilares, y en ultima instancia a la mitocondria, es insuficiente
para compensar el aumento del metabolismo oxidativo '**. En compensacién existe un

16

mayor consumo de fosfigenos y una acumulacién mayor de lactato '® que puede

provocar respuestas positivas en la capacidad muscular local '

a través de una mejora
de la capacidad de tamponamiento muscular '®’. Desafortunadamente en nuestros

estudios solo hemos valorado la respuesta del lactato siguiendo las recomendaciones de
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18 que sugiri6 que para valorar la méaxima capacidad

autores como Di Prampero
anaerobica lactica era necesario valorar el maximo nivel de lactato alcanzado en la
ultima serie del ejercicio. Los niveles de lactato que observamos en el segundos estudio
con corredores (series de 300m), describieron un aumento en las concentraciones de
lactato al finalizar las series (individual y grupal) en el test posterior al programa de
fuerza en ambos grupos (14,6 £ 1,6 mmol/L para el grupo entrenado en normoxiay 15,7
+ 1,3 mmol/L para el grupo que entrend en altitud simulada) en comparacién con los
datos alcanzados antes del protocolo (12,5 + 0,9 mmol/L en el grupo control y 11,8 + 1
mmol/L para el grupo hipoxia). Estos resultados describen proporcionalmente un
incremento del 16,8% en el grupo normoxia y un 24,9% del grupo hipoxia. Estos datos

, o . , 162
podrian describir diferentes mejoras especificas

a los siguientes nvieles: a) en los
procesos de produccidon de energia por via anaerdbica, b) en una mayor tolerancia a
altos niveles de metabolitos y ¢) mejoras en los procesos de aclaramiento, resintesis y
tamponamiento muscular. Otros estudios similares han descrito también las siguientes

mejoras: mejoras en la capacidad oxidativa enzimatica **¢71

, Una mayor expresion de
enzimas glucoliticas, del factor angiogénico (VEGF), con una mayor activacioén de la
mioglobina, un aumento de la capilarizacidon y del contenido mitocondrial en paralelo a
una induccién del sistema HIF-1 pueden provocar mejoras en el rendimiento

anaerdbico '7°,

Otro aspecto comprobado en nuestro trabajo fue que la saturacion arterial de oxigeno
disminuia durante el ejercicio anaerdbico en hipoxia provocando un déficit de oxigeno
mayor que en normoxia, que principalmente podrian ser consecuencia del deterioro de
la capacidad de absorcién de oxigeno y la reduccién de la capacidad aerdbica "2
Manteniendo el mismo caracter e intensidad de esfuerzo, en comparacion con normoxia
(SaOy= 96,75% =*1,9), en hipoxia hubo una disminucién del contenido arterial de
oxigeno (FiO, = 16,5%; Sa0O, = 90,7 % =+ 3,8 y FiO, = 13,5; SaO, = 81,5% =+ 4,6)
pudiendose relacionar con un aumento de la extraccion de oxigeno por el musculo. Pese
a este descenso en la SaO, el rendimiento no disminuyd, en esta linea Bedu también

173 Esta medida

describid una similar respuesta valorando ejercicios de fuerza a 3700m
podria tener mas impacto para valorar el rendimiento aerébico '’*, dado que la
hiperventilacién inducida por los quimioreceptores ventilatorios periféricos '™ y el
aumento del gasto cardiaco no logran cubrir esta demanda aerdbica reduciendo a la vez

. . 176
la oxigenacion muscular .
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Pese a que el entrenamiento de alta intensidad (incluyendo el entrenamiento de fuerza) y
las condiciones de hipoxia crean respuestas fisiologicas cardiacas, estas seran diferentes
en funcidn del tipo de entrenamiento realizado y el cardcter de esfuerzo maximo o
submaximo mantenido. El entrenamiento de resistencia aerdbica a maximas
intensidades y volumenes incrementa las dimensiones internas del ventriculo izquierdo
y el grosor de la pared cardiaca relaciondndose con un mayor volumen y didmetro
interno '"’. Por contra, el entrenamiento de fuerza aumenta la presion sanguinea y la
frecuencia cardiaca incluso mas que los ejercicios dinamicos (correr, nadar) aunque
puede reducir el didmetro interno del corazén debido a un mayor grosor del musculo

cardiaco !’

¥ Seria lgico pensar en la incompatibilidad de mejorar la capacidad de
resistencia aerobica realizando conjuntamente un trabajo de fuerza que pueda engrosar
el corazon y reducir los volumenes cardiacos totales. Sin embargo, los deportes de
resistencia realizan un entrenamiento de fuerza que incluye ejercicios muy especificos y
transferidos al movimiento especifico involucrando grandes masas musculares y zonas
corporales *. Este tipo de entrenamiento tiene por objetivo estimular el sistema muscular
y nervioso a la vez para obtener una mejora de la coordinacion intra e intermuscular
para mejorar la eficacia y eficiencia energética (economia energética). En condiciones
de hipoxia, la respuesta cardiaca realizando ejercicio de caracter moderado '” o
méximo '*° aumenta en comparacion con las condiciones de normoxia debido a un

aumento de las catecolaminas circulantes '*

'y una mayor activacion del sistema
nervioso simpatico '**'®2. Este proceso se transfiere en una recuperacion entre series
mas enlentecida y a una menor diferencia arteriovenosa de oxigeno que estimula los
quimioreceptores periféricos contribuyendo a un aumento del gasto cardiaco '*°. El
incremento relativo de la frecuencia cardiaca en hipoxia ocurre en niveles subméaximos
de ejercicio independiente del grado de intensidad del ejercicio. Sin embargo, durante
ejercicio maximo, tal como ha sido descrito y nosotros constatamos en nuestros estudios,
no se alcanzan valores tan elevados como en normoxia pudiendo ser debido a una

16

mayor inhibicién de las catecolaminas circulantes '** y la activacion del sistema

nervioso simpatico '*.

Aunque los valores maximos alcanzados en la frecuencia
cardiaca fueron menores en el grupo que entrend en hipoxia (HIP: pre-hipoxia 180,4 +
11,8 ppm y post-hipoxia 178,8 + 12,5 ppm; NOR: pre-normoxia 179,9 + 11,1 ppm y
post-normoxia 184 + 11,4 ppm), describié6 mejoras en el indice de recuperacion de la
frecuencia cardiaca maxima durante los 3 minutos posteriores a la finalizacioén del test.

Esta respuesta puede ser debida a una mejora en la regulacion simpatico-vagal y
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valorada como un marcador de la actividad parasimpatica '*, de la condicion fisica '*°,
., . . , 184 . .,
de la funcidn del sistema nervioso auténomo "y ser un marcador valioso de la funcién

, 186
cardiaca .

En un sentido mas clinico, esta metodologia podria provocar una
modulacion nerviosa de la frecuencia cardiaca pudiendo ser util en personas que
precisen mejorar su regulacion cardiaca y tuvieran dificultades para realizar un tipo de
ejercicio mas dindmico (correr, ciclismo...). Este aspecto fue comprobado en un estudio
con futbolistas lesionados en los cuales aplicamos un programa de entrenamiento de
fuerza (vibraciones mecanicas) en condiciones de hipoxia durante su estado de lesion.
Observamos que después del programa realizado los deportistas reportaron mejores
valores en el indice de recuperacion de la frecuencia cardiaca indicando un
mantenimiento de la condicion fisica mayor que realizando el mismo entrenamiento en
normoxia. Esta metodologia de entrenamiento podria incidir directamente sobre el tono

vascular de los pulmones, incrementar la ventilacion y la actividad neural simpatica

. . ., .. . 18
debido a la estimulacién de los quimioreceptores periféricos '*'.

El analisis de la variabilidad de la frecuencia cardiaca (VFC) se ha utilizado como un

, . . . . : . 188,189
método no invasivo que describe el control de la funcion nerviosa autonoma >, la

190
1

regulacion del tono vaga e incluso como herramienta para regular las cargas de

Pl Nosotros valoramos el efecto que una sesién de

entrenamiento en deportistas
entrenamiento de potencia en hipoxia y normoxia podria provocar en estos pardmetros
(24 horas post entrenamiento) y analizar el posible uso de esta medicion en la
individualicion de la carga de entrenamiento. Pese a que previamente habiamos
encontrados mejoras de la regulacion parasimpatica después del entrenamiento de
fuerza en hipoxia (estudio 1), no encontramos ninguna diferencia en los parametros de
la frecuencia cardiaca que indicaran sintomas de mayor fatiga debida al efecto de la
hipoxia. La valoracién de la variabilidad cardiaca se ha utilizado para monitorizar la
fatiga aguda o cronica después de ciclos de entrenamiento o como medida diaria,
reflejando especificamente el equilibrio del sistema nervioso auténomo °>'**. Nuestros
resultados no describen cambios destacables en la VFC después de 24h de recuperacion
de un entrenamiento maximo a diferentes altitudes, indicando que no existe
modificacién significativa cuando la fatiga acumulada no es alta '**. A la vez, no se han
descrito relaciones lineales entre ésta y modificaciones en la variabilidad de la

frecuencia cardiaca '°°. La monitorizacién de la frecuencia cardiaca basal durante el

programa de entrenamiento no se consider6 adecuado porque actualmente existe gran
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controversia sobre su fiabilidad debido a la alta amplitud de variacion y su dependencia

% Por ello, seria recomendable ajustar

de otros factores emocionales o ambientales
individualmente la medida de la VFC en funcion del protocolo realizado: fatiga
acumulada (largo plazo: 24-72 h) o efecto de una carga realizada de manera
independiente (un Unico entrenamiento) (monitorizacion durante las 12 horas siguientes

al ejercicio).

El entrenamiento deportivo, desde sus inicios formativos a su mads alto nivel, incrementa
el nivel de especificidad e intensidad de carga requerida durante el tiempo. El principio
de individualizacién del entrenamiento orienta la eleccion de los métodos aportados al
deportista para su mejora continua y prestacion fisica-deportiva. Los métodos de
entrenamiento intensivo en hipoxia incrementan el estrés soportado por el organismo y
aumentan este nivel de intensidad. Dependiendo de la disciplina deportiva, el uso de la
hipoxia puede orientarse para ser activa, pasiva, cronica o intermitente. Desde un punto
de vista comparativo, los métodos de entrenamiento en hipoxia para la mejora del
rendimiento anaerobico estdn mucho menos estudiados y aplicados que para el
rendimiento aerdbico. Aln asi, en base a los resultados obtenidos por nuestros estudios
y a un minucioso analisis de la bibliografia disponible podemos sugerir que es un
método valido y menos susceptible a las variaciones individuales que el rendimiento
dependiente del metabolismo aerdbico. Para mejorar la aplicacion de los métodos de
exposicion y entrenamiento en hipoxia, deberian estandarizarse los protocolos de
estudio respetando diferentes parametros como: 1) la altitud de exposicion, 2) la
duracion de las sesiones, 3) los ejercicios especificos a realizar en cada deporte, 4) el
tiempo de separacidn entre sesiones de entrenamiento en hipoxia y competicion, 5) el
entrenamiento complementario en métodos de hipoxia intermitente activa y 6)

estandarizar los parametros de medicion de las respuestas fisioldgicas especificas.

En resumen, podemos afirmar que durante la realizacion de ejercicio fisico intenso en
condiciones de hipoxia se experimenta un mayor estrés incrementando a la vez el nivel
de estimulacién soportado a diferentes niveles sistémicos. En respuesta a estas
condiciones, el organismo desarrolla estrategias para compensar la menor disponibilidad
de oxigeno a nivel muscular y en sus respuestas asociadas. En deportistas entrenados,
estos ajustes cumplen claramente los principios de especificidad e intensidad descritos

1

en la teoria del entrenamiento ', ya que aumentan tanto la intensidad como la

especificidad del metabolismo implicado para generar energia (anaerdbico). En nuestros
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estudios, la realizacion de un programa de fuerza en condiciones de hipoxia intermitente
ha estado acompafiada de ajustes a nivel metabodlico y del sistema nervioso auténomo
que han contribuido a provocar mejoras en el rendimiento anaerdbico. Por ello,
podemos concluir que los reajustes fisioldgicos desencadenados por este programa de
entrenamiento pueden ser utilizados como método de entrenamiento para mejorar el
rendimiento anaerobico y durante procesos de readaptacion fisica. Estos ajustes se
relacionan con una mayor capacidad de implicar el metabolismo anaerdbico durante el
ejercicio maximo, una mejora en los procesos de recuperaciéon de la frecuencia cardiaca
entre ejercicios maximos y posiblemente también a una mayor tolerancia percibida
durante el esfuerzo. Teniendo en cuenta que el entrenamiento de fuerza es comun en la
preparacion deportiva y la rehabilitacion fisica, este método podria tener potenciales

aplicaciones para incrementar el rendimiento fisico y la salud.
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CONCLUSIONES
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Un programa de entrenamiento de fuerza resistencia (extremidades inferiores) de
12 sesiones de duracién en hipoxia hipobarica (18 horas de exposiciéon) ha
mostrado ser un estimulo mas eficaz que el mismo programa realizado en
normoxia para mejorar la capacidad de recuperacion de la frecuencia cardiaca
después de un ejercicio maximo de 60 segundos.

El protocolo descrito en el punto 1 mejord la capacidad de mantener un promedio
de altura de salto mayora durante 60 segundos de saltos continuos. Durante el test
los sujetos que entrenaron en hipoxia mostraron resultados significativamente
mejores en el rendimiento durante todos los intervalos valorados (0-15, 15-30,
30-45 y 45-60 segundos) en comparacion con el grupo que entrené en normoxia.
Esta mejora fue claramente mayor en la ultima parte del test (45-60 segundos)
cuando la fatiga era mayor.

No observamos que las condiciones de hipoxia (moderada y severa) provocaran
un descenso en la capacidad de generar potencia de fuerza durante saltos
continuos (15 segundos). Sin embargo, durante hipoxia severa (4000m)
observamos como la SaO, describié una tendencia claramente descendiente a
medida que la fatiga aumentaba. Este descenso fue mayor también en hipoxia
moderada en comparacidon con normoxia.

Los niveles de lactato asociados al ejercicio de fuerza resistencia en hipoxia
pueden ser estadisticamente similares si el tiempo de recuperacién entre
ejercicios de cardcter anaerobico es suficiente para permitir una recuperacion de
la via energgética.

Después de realizar un programa de entrenamiento en hipoxia de fuerza en
circuito (3000m durante 4 semanas y 12 sesiones), un grupo de corredores
entrenados mejoro su capacidad de realizar un mayor numero de series hasta el
agotamiento en un test de caricter anaerobico intermitente. Esta mejora fue
correlacion6 con un nivel mas elevado de lactato acumulado al finalizar la Gltima
serie. Estas mejoras fueron claramente mejores que las resportadas por un grupo

que entrend en normoxia en igualdad de condiciones.
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ANEXO 1
Resumen de las palabras clave mas destacadas en los estudios que incluyen las palabras
“hipoxia” 'y  “gjercicio fisico”. Informaciéon  extraida  del  portal:

http://www.ncbi.nlm.nih.gov/pubmed
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adrenergic activity in
response to altitude

2000-2013
2000
Peak heart rate

Pathophysiological
responses

Intermittent Hypoxia
Exercise

Female cycling
Chronic heart failure
PDH activation
Dichloacetate

Human skeletal
muscle

Metabolic modulation
Sympathetic
vasoconstriction
Human skeletal
muscle

Amlodipine
Respiratory and
pulmonary
vascularitation
Nocturnal hypoxia
Pulmonary
hemodynamics
Patients

Obstructive
pulmonary

Sleep apnea

UCP-3 expression
AMP-activated
protein kinase

Stress doppler
echocardiography
Interval hypoxia
training

Physical work in
woman

Vasopressin release
Intravascular fluid
Regulation of
glycogen
phosphorylation

PDH

Living Low -
Training High in rats
Glutamine
metabolism
Metabolism
Cardiovascular  risk
factors

2001

Training High- Living
Low training

Skeletal muscle
angiogenesis
Capitalization

Gender differences
Endocrine
Metabolism

Pulse oximetry
Maximal exercise
Live High — Training
Low

Muscle buffering
capacity

Submaximal cycling
efficiency

Lipid peroxidation
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Antioxidant  defense
systems

Human blood

Rest

Blood lactate
Aldosterone

Oxidative metabolism
Human calf muscle
Peak heart rate
Severity of acute
hypoxia

Ventilatory
Cardiovascular
Highlanders
Intermittent Hypoxia
Training

Lipid peroxidation
Interleukin-6
Alpha-adrenergic
blockade

Endurance training
Myoglobin content
Parasympathetic
neural activity

Heart rate

Central governor
Muscle tissue
Pulmonary blood flow
Chronic hypoxia
Myocardic adrenergic
Muscarinic  receptor
number

Skeletal muscle
capillary

Angiogenic mRNA
Acclimatization
Beta-adrenergic
Parasympathetic
inhibition

Heart

Cardiac output
Arterial saturation of
oxygen

Coordination
Breathing

Cycling rhythmsin
woman

Blood ammonia

2002

Menstrual cycle
Cardiorespiratory
response
Intermittent Hypoxia
Exposure

Hypobaric
Leukocytes
Interleukin-6-shared
mechanisms
Ventilatory response
Pulmonary edema
Substrate utilization
Sea-level residents
Acute hypoxia
Acclimatization



Maximal oxygen
uptake

Severe acute hypoxia
Plasma volume
Carbohidrate
supplement

Feeding behabiour
Oxidative stress
Anntioxidant nutrients
Calcitonin-gene-
related

Peptide
Adrenomedullin
release

Blood gases
Restrictive lung
disease

Intermittent Hypoxia
Exposure

Spirometry values
Highlanders
Chemosensitivity
ANS

Maximal cardiac
output

Sodium citrate intake
Anaerobic
performance

Sudden ascent

2003
Acute moderate
exposure
Growth hormone

Lactate paradox
Chemoreflex drive
Ventilation

Gas exchange
Intermittent Hypoxia
Exposure

Endurance
performance
Submaximal exercise
efficiency

Proteinous amino
acids

Muscle cytosol

Live High — Training
Low

Lactate metabolism
Trained athletes
Muscular performance
Live Low — Training
High

Interleukin-6 response
Acute hypoxia
Chronic hypoxia
Coronary flow reserve
Peak heart rate

Brain monoamine
Strength training
Muscle structure

Gene expression

2004

Maximal exercise
trained and sedentary
woman

Intermittent Hypoxia
Training

Cycling performance

GLUT4 protein
expression
Hydroxydeoxyguanosi

ne and glutathione
levels in the liver
Chemoreflex
Metaboreflex control
Static exercise
Individual anaerobic
threshold
Fluid-regulatory
hormone responses
Time to exhaustion
Intermittent Hypoxia

Exposure

Glucose tolerance
Muscle GLUT4
protein expression
HIF and VEGF

Sciatic nerve
stimulation
Antioxidant
supplementation

Oxidative stress
Luekocyte counts
Neutrophil activity
Chronic bronchitis
Bronchial asthma

Red muscle of
rainbow trout

Central regulation
Skeletal muscle
recruitment

Maximal cardiac
output

Granulocyte
activation

Human muscle
sarcoplastic reticulum
function

Submaximal exercise
Obstructive
pulmonary disease
Pulmonary gas
exchange

Maximal exercise
Messenger system
Highlanders
Lowlanders

Blood viscosity
Cardiac function
Cardiac troponin T
Human muscle Na, k+,
ATPase 2005

Serum creatinkinase
LDH

ALT

Rowing

Sildenafil
Hypoxaemia
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Training status
Muscle Na-K+ pump
Fatigue responses
Trekking

Circulating
endothelial cells
Functional magnetic
resonance signal
Aortic  endothelium-
dependent
vasorelaxed
L-arginine
Norepinephine

HYF-1

Mucosal immunity
Edema

Oxidative stress
Human muscle
sarcoplasmic
reticulum function
Cardiorespiratory
system

Overweigth people
Chronic  intermittent
hypoxia

Muscle in vivo
maximal Na', K,
ATPase activity

Well —trained athletes
Acute hypoxia
Anaerobic threshold
Heart rate

2006

Mine workers
acclimatization
Decrease in peak heart
rate in acute hypoxia:
arterial hypoxaemia
Genes

Cytokine response

Chronic mountain
sickness

Hypoventilation in
chronic mountain

sickness a mechanism
to preserve energy
Human response at
extreme altitude

Role of maximal heart
rate and arterial 02 on
the decrement of
Vo2max in moderate
acute hypoxia
Inspiratory muscle
work

Role of nitric oxide in
cardiovascular
adaptation to IHE
Performance skiers
Acute severe hypoxia
on peripheral fatigue
HI kayak performance
after adaptation to
IHE



Improvement of
myocardial perfusion
in coronary patients
after IHE

Hypoxia on muscle
response to tendon
vibration

Short-term hypoxia at
rest ~and  during
exercise reduces lung
water

Low and high levels
of moderate hypoxia
on anaerobic energy
release during
submaximal cycle
Gene transcripts
Aerobic performance
Ventilatory threshold
Voluntary muscle
function after creatine
supplementation  in
acute high altitude
exercise training on
contrative function of
rat cardiomyocyte
Moderate exercise in
hypoxia induces a
greater sao2 in trained
than untrained athletes
Antioxidant/pro-
oxidanct balance
Substrate utilization
Skeletal muscle
protein synthesis after
active/passive
exercise

Muscle 02 extraction
in acclimatizing
lowlanders and
highlanders

Exercise performance
in hypoxia after novel
erythropoiesis
stimulating  protein
treatment

Factors limiting
exercise in hypoxia
Mitochondrial
properties

AMP deamination
delays muscle
acidification  during
heavy exercise and
hypoxia

AMPK signaling and
substrate metabolism
in humans

Pulmonary edema
Acute hypoxia
decreases plasma
VEGF concentration
ROS

2007

Alveolar PCo2
oscillations and
ventilation
L-Carnitine
supplementation  on
endurance

Power  performance
cyclist in rat skeletal
muscle

Differential effects of
metaboreceptor  and

chemoreceptor
activation on
sympathetic and
cardiac baroreflex
control

Inspiratory muscle
work in acute hypoxia
influences locomotor
muscle fatigue
Exercise training in
normobaric  hypoxia:
is carbonic anhydrase
II the best marker of
hypoxia?

Resting  ventilatory
chemosensitivity and
Vo2max in moderate

hypobaric hypoxia

The regulation,
control and
consequences of
mitochondrial 02
utilization and

disposition in the
heart skeletal muscle

during hypoxia
Cardiovascular
adjustments for life at
high altitude

Effects of
acetazolamide on
aerobic exercise
capacity and
pulmonary

hemodynamics at high
altitude

Vo2max
Accumulated 02
deficit during IHE
nonacclimatized
Autonomic  nervous
system

Adaptation
quantitative and

qualitative of human
muscle mitochondrial
Exercise economy
does not change after
acclimatization to
moderate to very high
altitude

Anaerobic capacity in
trained athletes
Chronic  intermittent
hypoxia  modulates
eosinophil-and
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neutrophil platelet

aggregation and
inflammatory
cytokine secretion

caused by strenuous
exercise

Short-term  vibration
and hypoxia during
high intermittent
cycling exercise on
circulating levels of
angiogenic regulators
Acute cerebral and
muscle  oxygenation
incremental
Spirometry and
respiratory muscle
function during ascent
to high altitude
Peripheral circulation
monitored by surface
temperature and
autonomic  nervous
function in hypobaric
hypoxia: submaximal
exercise

IHE not increase
exercise ventilation at

simulate moderate
altitude
Acute on
diaphragmatic fatigue
Left ventricular
function

2008

IHE not improve
endurance at altitude
Football

Mountain sickness
Cerebral
hypoperfusion during

hypoxia exercise
following two
different hypoxia
exposures:

independence  from
changes in dynamic
autoregulation and
reactivity
Intrapulmonary  and
intracardiac shunting
Immunological  and
metabolic responses
Respiratory ~ control
during air-breathing
Cellular  distribution
of HSP70 expression
Do  high altitude
natives have enhanced
exercise performance
al altitude?
Catecholamines

EPO

Gene expression
Cerebrovascular



Sildenafil
Biventricular function
at high altitude
Weight loss

2009

Sympathetic retrait of
muscle blow flow
Severe hypoxia on
prefrontal cortex and
muscle  oxygenation
respiration at rest and
during exhaustive
exercise
Meta-analysis

Frontal and motor
cortex  oxygenation
maximal exercise in
normoxia and hypoxia
Lactate paradox
Hypoxia tolerance and
retinal vein occlusion
High energy
phosphate
concentrations and
AMPK
phosphorylation in
skeletal muscle mice
with inherited

Role of adipose tissue
hypoxia in obesity and
insulin resistance

Role of muscle mass
IHT on HIF gene

expression and
leukocytes

IHE on the
cerebrovascular
responses to

submaximal exercise
Normobaric training
on metabolic risk
markers

Role of microvolt T-
Wave alternans
Muscle tissue

NIRS signal during
exercise in hypoxia
Effects of interval
hypoxia on exercise
tolerance

Special  focus on
patients with CAD or
COPD

Pulmonary  vascular
response

Adenosine  receptor
antagonist and
augmented
vasodilation  during
hypoxic exercise

HRV

Nervous system
function

Air to muscle O,
delivery

Hypoxia and
metabolic risk
markers in overweight
to obese subjects
Plasticity ~ of  the
muscle proteome to
exercise

Changes in muscle
contractive properties
Antioxidant and redox
status after maximal
aerobic exercise in
highlanders and
lowlanders

2010

Heart rate dynamics at
8230m

Changes in skeletal
muscle  oxygenation
during exercise
measured by near-
infrared spectroscopy
Substrate  utilization
during exercise and
recovery at moderate
altitude

Nitric oxide
contributes to  the
augmented

vasodilation  during
hypoxic exercise
Myocellular
limitations of human
performance and their
modification through
genome-dependent
response at altitude
Training in hypoxia
fails to further
enhance  endurance
performance and
lactate clearance in
well-trained men
Glucose metabolism
Pulmonary system
Hypoxia training
increases  metabolic
enzyme activity and
composition of alpha-
myosin heavy chain
isoform in rats
ventricular cells
Myocardium
Systemic hypoxia
promotes lymphocyte
apoptosis induced by
oxidative stress

2011

Effect of chronic IHE
on exercise

Ischemic
preconditioning of
lower extremity
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attenuates the normal
hypoxia increase in
pulmonary artery
systolic pressure

Does cerebral oxygen

delivery limit
incremental  exercise
performance

Dietary nitrate reduces
muscle metabolic
perturbation and
improves exercise

tolerance in hypoxia
Effects of  beta-
blockade on exercise
performance at high
altitude

Improved Vo2 uptake
kinetics and shift in
muscle fiber type on

trekking

Changes in HIF-1
protein, pyruvate
dehydrogenase

phosphorylation and
activity with exercise
in acute and chronic

hypoxia

Similar  quantitative
and qualitative
changes of
mitochondrial
respiration following
strength and

endurance training
Effects of hypoxia on

muscle protein
synthesis and anabolic
signaling

Frontal cerebral cortex
blood flow, 0,
delivery and
oxygenation in
normoxia and hypoxia
Effects of exercise in
hypoxic and normoxic
conditions on
endothelin-1 and
arterial compliance
Gene expression in
obesity

Adenosine, exercise
and moderate acute
hypoxia on energy
substrat utilization of
human skeletal muscle
Rest and exercise at
4000m on appetite,
energy intake, plasma

concentrations of
acylated ghrewn and
peptide YY

LHTL

Insulin resistance in
type 2 diabetes

Augmented  skeletal
muscle  hyperaemia



during hypoxia
exposure is blunted by
combined inhibition
of nitric oxide and
vasodilating
prostaglandins
Hypoxia augments
muscle  sympathetic
neural response to leg
cycling

Moderate hypoxia on

tolerance high
intermittent exercise
Hypoxia exercise

promotes  antitumor
cytotoxicity of natural
killer cells
Haematological
changes

Effects of carvedilol
on 02 uptake and heart
rate kinetics in
patients with chronic
heart failure at
hypoxia

Effects of
acetazolamide and
dexamethasone on
cerebral

hemodynamics in
hypoxia

HIF signaling and
overall gene

expression  changes
during hypoxia and
normoxia

Impairment of 3000m
run-time at altitude is
influenced by arterial

oxyhemoglobin
saturation

Acute hypoxia and
exercise improve
insulin sensitivity in
diabetes type 2

Nutritional status in
chronic  obstructive
pulmonary  disease:
role of hypoxia

Effect of repeated
normobaric  hypoxia
exposure during sleep
on acute mountain
sickness, exercise
performance and sleep
during exposure to
terrestrial altitude
High altitude on
exercise capacity
Energy metabolism
Hypoxic exercise
reduces senescent T-
lymphocyte subset in
blood

Daily hypoxia
increases basal

monocyte HSP72
expression

2012

Review

ROS and redox-
signaling

Older

Normobaric  hypoxia
at rest: effects on
performance at
normoxia and hypoxia
HRV, immune
response and
orthostatic stress

Low load resistance
training combined
with  blood flow
restriction on hypoxia
on muscle function
Travel to high altitude
during pregnancy
Compensatory
vasodilatation during
hypoxic exercise
Acute on post-
exercise
parasympathetic
reactivation
Angiogenic  growth
factors to exercise,
hypoxia and exercise
in hypoxia

Red blood cell volume
and the capacity
Impact acute
normobaric  hypoxia
on regional and global
myocardial function: a

speckle tracking
echocardiography
study

High-carbohydrate
versus  high-protein
meal on acute
responses to hypoxia
at rest and exercise

Dietary nitrate
improves muscle but
not cerebral

oxygenation status
during exercise in
hypoxia

Age responses

Team sports

Role of haemoglobin
mass on Vo2max
following normobaric
LHTL in endurance
athletes

Hypobaric versus
normobaric hypoxia
Heat acclimatization
Work at high altitude:
risk factors
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HIF-3 mRNA
expression changes in
different tissues and
their role in adaptation
to intermittent
hypoxia

Increased  oxidative
stress and anaerobic
energy release, but
blunted Thr172-
AMPKa
phosphorylation in
response to  sprint
exercise in severe
acute hypoxia
Exercise performance
in hypoxia after novel
erythropoiesis
stimulating ~ protein
treatment

Factors limiting
exercise in hypoxia
Mitochondrial
properties

AMP deamination
delays muscle
acidification  during
heavy exercise and
hypoxia

AMPK signaling and
substrate metabolism
in humans

Edema

Acute dreases plasma
VEGF concentration
ROS

2013

Increase in
carbohydrate
utilization in high
altitude natives
Hypoxia-energy
balance and obesity

02 therapy
Altitude training
induced alterations in
erythrocyte

rheological properties
(rats)

Hypoxia on
sympathetic
vasomotor  outflow
and blood pressure
during exercise with
inspiratory resistance
Peak 02 uptake and
regional oxygenation
in response to a 10
days normobaric

MRI evidence: acute
mountain sickness is
not associated with
cerebral edema
formation during
simulate high altitude



Cardiac output, O,
delivery and kinetics
acute normobaric
hypoxia

Resistance  training
combined vascular
occlusion and hypoxia
on neuromuscular
function in athletes
Blood oxidative stress
markers during high
altitude trekking

HRV and acute
mountain sickness

Acute on  muscle
blood flow, vo2 and
kinetics in older man
LHTL induces
physiological cardiac
hypertrophy
accompanied by
down-regulation and
redistribution of the
rennin-angiotensin
system

The regulation of the
partial pressure of O,
by the serotonergic
nervous system
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IHE  training on
muscle energetic and
exercise tolerance
Moderate and severe
IHE on vascular
endothelial ~ function
and haemodynamics
Autonomic  nervous
system

23 days of acute IHE
Medicine at high
altitude
Acetazolamide on
pulmonary and muscle
gas exchange



ANEXO 2:

Estudios iniciales que concuerdan con los resultados especificos de este trabajo (en

diferentes campos):

Respuesta cardiorrespiratoria y circulatoria:(en comparacion con las condiciones de

normoxia)

- Aumento del trabajo cardiaco y circulatorio '*"'%,

) ) o 1
- Descenso de la Sa0, a medida que la altitud de exposicién aumenta '*°.
. - 200
- Descenso en la capacidad aerébica (VOpmax) * -
- Primeros estudios con alpinistas que hacen referencia a la importancia de la

aclimatacion previa 2",

p - 202,203
- Respuestas especificas en deportistas altamente entrenados “ .

Respuestas metabolicas

- Descripcion de la respuesta metabdlica al ejercicio (aerdbico o anaerdbico)
mediante la valoracién del lactato (descrita anteriormente por Hill ° con gran
relevancia durante el siglo XX hasta la actualidad en el campo de la fisiologia
deportiva.

- Andlisis del lactato en condiciones de hipoxia ****%.

- Mayores niveles de lactato en condiciones de hipoxia .

- Mayor estrés metabdlico soportado en hipoxia moderada *°’ o severa (5800
metros) *” en comparacion con las condiciones de normoxia.

- Otros estudios iniciales valoraron la respuesta de los acidos grasos libres 2,

hormonal ** 0 enzimas en plasma ** sin conclusiones destacables.

Rendimiento deportivo en hipoxia

- Descenso del VOoax (26% a 4000 metros) 20 en comparacion con el ejercicio a

. 211212
nivel del mar “° >

y con ello un menor rendimiento aerdbico.

- Estos primeros estudios previos a los JJOO de 1968 concluian que el
entrenamiento en altitud no provocaba una mejora deportiva aplicable al
rendimiento deportivo poniendo en duda su uso *'**'*,

- Debido a los resultados tan destacables de deportistas residentes en altitud en
pruebas de resistencia (posteriormente llamados highlanders), se empezd a

valorar (mas empirica que cientificamente) el uso de la altitud como método de
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mejora del rendimiento de resistencia. A tal efecto, estudios que valoraron el
efecto de los campos de entrenamiento en altitud *'> ayudaron a ir construyendo
protocolos de entrenamiento combinando el tipo de altitud (severa, moderada),
el tiempo de exposicion (aguda, cronica) y los efectos del entrenamiento '°.

- Es de importancia destacar que contribuyd a la mejora de estos métodos de
individualizacion del entrenamiento la descripcion de las respuestas especificas

de los sujetos residentes en altitud (highlanders) 2'72'®.

Respuesta hematopoyética

- Relacion directa entre la respuesta hematopoyética provocada por la hipoxia y el
incremento de la resistencia fisica. Esta mejora viene inducida por una mayor
capacidad de absorcion y transporte de oxigeno incrementando la oxigenacion
tisular 2°.

- Este beneficio implicito y determinante en el rendimiento de resistencia ha sido
ampliamente valorado como un factor clave en la prescripcion de la exposicion y
entrenamiento en altitud (Boutellier, Howald, di Prampero, Giezendanner, &
Cerretelli, 1983; Mairbaurl & Schobersberger, 1985; Mairbaurl et al., 1986).

Proporcionalmente es el campo mas investigado en la tematica.

Respuesta periférica (muscular)

- La evolucién en los procesos de medicion cientifica ha contribuido a aumentar el
nimero de estudios que analizan respuestas especificas: hormonales (Kjaer,
Bangsbo, Lortie, & Galbo, 1988b), enzimaticas o metabolicas (Bigard, Brunet,
Guezennec, & Monod, 1991; Hoppeler & Desplanches, 1992; Mizuno et al.,
1990; Terrados et al., 1988) relacionadas con la contracciéon del musculo
esquelético en respuesta a la exposicion y entrenamiento en condiciones de

226
hipoxia .
Protocolizacion de métodos de entrenamiento en hipoxia

- Crecimiento exponencial del nimero de estudios que valoraban métodos de
entrenamiento y/o exposicion a hipoxia simulada e intermitente desde la década
de 1990 ', Simulando las condiciones de hipoxia se pretendieron paliar los

inconvenientes de las estancias en campos de entrenamiento en altitud natural.
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El alto coste econdmico y logistico que supone el desplazamiento a estos lugares
naturales ha dificultado siempre el acceso a deportistas no profesionales o con
menos recursos.Ademds de estos aspectos, las condiciones climaticas durante
largas épocas del afio imposibilita su uso. La disminucién en la calidad de
entrenamientos en altitud debido a la mala tolerancia de algunos deportistas
(malos respondedores) y el deterioramiento de los procesos de absorcion y
transporte de oxigeno **.

La popularidad de los métodos de hipoxia intermitente ha llegado a multiples

227, corredores **® 0 nadadores *%.

niveles y deportes ®, esquiadores de fondo
Incremento en el uso de los métodos intensivos de entrenamiento en condiciones
de hipoxia (método "Living High-Training Low") basado en la premisa de que la
exposicion pasiva a hipoxia mejora la respuesta hematopoyética ("Living High,
donde se prescribe pasar el mayor tiempo posible en altitud sin ejercitarse
activamente) y el entrenamiento de carga intensiva y especifica se realiza en

condiciones de normoxia o baja altitud para garantizar la calidad de los

estimulos de entrenamiento ("Training Low").

Rendimiento anaerdbico y altitud

En la altima década encontramos estudios que valoran las posibles mejoras del
rendimiento anaerdbico con el uso del entrenamiento o exposicidn a altitud.

Su uso es debatido y los resultados inconclusos debido a la falta de
protocolizacion general en la confeccion de los estudios y las variables
analizadas.

Estos estudios han analizado la respuesta en el rendimiento después de ejercicio
combinando hipoxia y entrenamiento intervalico ****°, de alta intensidad de
entrenamiento ' y de carga moderada *"'2""1,

Los resultados de estos estudios aportan datos interesantes coincidiendo en su
beneficio sobre el rendimiento anaerdbico con la aplicacién de protocolos de
entrenamiento en hipoxia moderadas de duracidn corta (4 semanas, 12 sesiones)
2829232 Revisiones cientificas también concluyen estos resultados reforzando la
hipotesis de que existen ventajas con la exposicion y entrenamiento en

condiciones de hipoxia sobre el rendimiento anaerdbico 2*2¢
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ANEXO 3

Estudios relevantes que describen respuestas en el rendimiento anaerébico con métodos

de entrenamiento y exposicidn intermitente a hipoxia:

Referencia Meétodo Diseiio Tiempo post-altitud, test de
rendimiento (valoracion)
Loeppky  and | Hipoxia Test en cinta de correr. Mejora de un 65% en la
Bynum (1970) intermitente capacidad de trabajo del grupo
3 (hipobarica) hipoxia respecto al grupo
normoxia. (139 segundos frente
a 49 del grupo normoxia).
Terrados et al | Hipoxia 8 Ciclistas de competicion. 4 semanas a | Incremento en la capacidad de
(1988) % intermitente 2300 metros (hipobaria). Entrenamiento 1,5 | trabajo maéaxima del grupo
(activa) a 2 horas durante 4-5 dias por semana. (60- | hipoxia (33%) frente al grupo
(hipobarica) 90 minutos continuos y 45-60 intermitentes) | normoxia (22%). No mejora del
VO?max. Test incremental hasta
la fatiga cicloergémetro. Mejora
significativa del grupo hipoxia
en la capacidad de trabajo.
MEJORA DEL
RENDIMIENTO
Mizuno et al | Hipoxia 10 esquiadores de fondo de élite. 2 semanas | Mejoras del 6% en la capacidad
(1990) 10! natural (TH- | a 2100 metros (vida) y entrenamientos a | buffer muscular y un 17% en
LH) 2700 metros resistencia anerobica (p<0,05).
No hubo grupo  control.
MEJORA DEL
RENDIMIENTO
ANAEROBICO
Balsom P et al | Hipoxia 7 estudiantes de educacion fisica realizaron | En ambas condiciones durante
(1994) ¢ intermitente 10 series de 6 segundos a maxima | las 3 primeras series
(activa) intensidad en cicloergdmetro en condiciones | mantuvieron la misma potencia.
(hipobarica) de hipoxia y normoxia para valorar la | A partir de la tercera serie en
potencia desarrollada, los valores de lactato | ambas condiciones no se
alcanzados y el consumo de oxigeno. mantuvo la potencia de las
primeras. Esta reduccion fue
mas grande en hipoxia (p<0,05)
alcanzando valores mas altos de
lactato (p<0,05) y un consumo
de oxigeno alcanzado menor
(p<0,05).
Favier R et al | Hipoxia 30 hombres sedentarios residentes en altitud | En nativos: 1) Entrenar en
(1995) natural (TH- | realizaron 3 modelos de entrenamiento | normoxia para estos sujetos se
LH) idéntico en diferentes condiciones. La carga | traduce en un descenso en la

de trabajo fue realizada a la misma

capacidad de tamponamiento

- 111 -




intensidad relativa en normoxia (10 sujetos),
absoluta en hipoxia (10 sujetos) o en hipoxia

(10 sujetos).

muscular. 2) No se observaron
mejoras el el consumo maximo
de oxigeno por entrenar en
normoxia o hipoxia. Alcanzaron
alto

niveles de lactato mas

entrenando en normoxia

Martino et al | Hipoxia 3 semanas a 2800 metros en nadadores de | Test de 100 metros libres con
1996 natural (TH- | élite. mejoras de 2,4 segundos con
{{285 Martino, | LH) respecto al grupo  control
M. 1996} } (normoxia). MEJORA DEL
RENDIMIENTO
ANAEROBICO
Weyand P et al | Hipoxia 4 sujetos fisicamente activos realizaron una | Se apreciaron reducciones en el
(1999) % intermitente sesion de entrenamiento consistente en 15 | rendimiento aerobico en
(activa) series desde 15 a 180 segundos a maxima | condiciones de hipoxia pero no
(normobarica) | intensidad de sprints. La sesion se realizo en | asi en el rendimiento anaerdbico
normoxia y hipoxia (13% O%). en series menores de 60
segundos y muy ligeramente en
series hasta 120 segundos. Esto
fue posible debido a que
aumento un 18% la contribucion
de la via anaerdbica en
condiciones de hipoxia para
compensar las reducciones en la
produccion de energia aerdbica.
Nummela et al | Hipoxia 6 corredores de élite. 10 dias viviendo arriba | Mejora significativa del tiempo
(2000) '# intermitente (2200 metros) y entrenando abajo (nivel del | en 400metros 2,2% (p<0,05) y
(pasiva) mar). En corredores de 400 metros. velocidad fija de lactato a 5
(normobarica) mmol(p<0,05). En comparacion
(LH-TL) con grupo control normoxia.
MEJORA DEL
RENDIMIENTO
ANAEROBICO
Geiser J et al | Hipoxia 33 sujetos fisicamente activos. | Aumento en todos los grupos del
(2001) "' intermitente Entrenamiento en  cicloergémetro 30 | total de la mitocondria. Solo los
(activa) minutos dia. 5 dias a la semana durante 6 | grupos que entrenaron en
(normobaérica) | semanas. 2 grupos entrenaron en hipoxia a | hipoxia incrementaron la
3850 metros y 2 grupos en normoxia 560 | densidad del  subsarcolema
metros. De los dos grupos uno entrend a | mitocondrial (cerca de los

ritmo de umbral anaerdbico y el otro un

25% por debajo del umbral anaerdbico.

capilares). Solo el grupo que
entrend en hipoxia mostré un
incremento significativo en el
volumen total mitocondrial
(+59%) y la densidad capilar

(+17%) y la capacidad oxidativa.
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Los que entrenaron en hipoxia
aumentaron mas su potencia
rendimiento.

DEL

maxima y
MEJORA
RENDIMIENTO

Meeuwsen et al
(2001) '%°

Hipoxia
intermitente
(activa)

(hipobarica)

16 triatletas. 10 dias de entrenamiento 2 h/d.
Cicloergometro. Hipoxia hipobarica de 2500
Intensidad:  60-70%

metros. Frecuencia

cardiaca.

Incremento rendimiento; 9 dias
posterior al entrenamiento en
(74%) vy
(5%) en

hipoxa: aerdbico

anaerdbico grupo
hipoxia. No mejoras
significativas en grupo
Test: Wingate.
Conclusion: MEJORA DEL
RENDIMIENTO

ANAEROBICO

normoxia.

Hendriksen et al

(2003)
41

Hipoxia
intermitente
(activa)

(hipobarica)

16 triatletas, 2h/d a 2500m (hipoxia
hipobarica). Intensidad 60-70% FCmaxima.

Cicloergémetro 10 dias.

Incremento rendimiento
aerobico (5,2%) y anaerdbico
(3,8%) en grupo hipoxia. En
grupo control un incremento
rendimiento aerobico de 3,7% 2
dias  después del ultimo
entrenamiento. Test Wingate. En
potencia: maxima  (5,2%),
potencia anaerdbica media (4,1),
pico potencia anerdbica (3,8).
No mejoras
grupo normoxia. MEJORA DEL
RENDIMIENTO

ANAEROBICO

significativas en

Truijens et al

(2003)
231

Hipoxia
natural

LH)

(TH-

5 semanas de entrenamiento a 2500 altitud
normobarica. 16 Nadadores de rendimiento.

12,30 minutos por dia. 3 dias por semana.

No existe mejoras significativas
en el rendimiento comparando
grupo hipoxia y control. Si
MEJORAS DEL
RENDIMIENTO
ANAEROBICO.

Katayama et al

(2003) 12!

Hipoxia
intermitente
(pasiva)

(simulada)

Grupo hipoxia expuesto 90 minutos 3 veces
por semana durante 3 semanas a 4500
metros. Exposicion pasiva. 12 atletas bien
élite continuaron con su entrenamiento

normal. Medidas de 3000m carrera.

El grupo de hipoxia mejor6 en el
tiempo de 3000 metros de
carrera y en el test de tiempo
hasta el agotamiento. Parametros
hematologicos y
cardiorrespiratorios no
cambiaron en ambos grupos.
Estas mejoran duraron hasta las
3 semanas. MEJORA DEL
RENDIMIENTO
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Calbet JA et al | Hipoxia 10 ciclistas de élite realizaron un test de | Durante el test de Wingate en
(2003) % intermitente Wingate en condiciones de hipoxia (FiO*~ | hipoxia el rendimiento es
(activa) 10%) y normoxia para valorar los efectos en | mantenido en comparaciéon con
(normobarica) | el rendimiento deportivo y metabolico de un | normoxia. El efecto de la
entrenamiento. 5 ciclistas eran esprinter y 5 | hipoxia aguda puede depender
de resistencia (rodadores). del nivel de entrenamiento
individual de los sujetos asi
como la propia respuesta
individual a la hipoxia.
Roels et al | Varios (2005) 33 ciclistas de élite. 3 grupos de | Entrenamiento intervalico de
(2005 y 2007) *° | protocolos entrenamiento:  hipoxia  (normobdrica), | alta intensidad. No diferencias
(hipoxia entrenamiento intermitente en hipoxia y | significativas  entre  grupos
intermitente) | normoxia. 2d/semana de entrenamiento alta | hipoxia y normoxia. NO
(activa y | intensidad (90-100% potencia maxima). 7 | MEJORA DEL
pasiva) semanas. Entrenamiento en Dbicicleta | RENDIMIENTO PERO SIRVE
(normobidrica) | (rodillo). PARA ACLIMATACION
(TH-LL) (2007) 19 atletas. 2 grupos: normoxia (9), | PARA EJERCICIO EN
hipoxia (10). 1-1,5h/d 5 dias a la semana, 3 | ALTITUD
semanas. 3000m grupo hipoxia
Morton et al | Hipoxia 8 deportistas colectivos. Entrenamiento | 4-7 dias después del ultimo
(2005) 14 intermitente intervalico  (series de 3  minutos | entrenamiento: test de wingate.
(activa) subméaximas) a 2750 metros hipoxia | Incrementos de maxima potencia
(normobarica) | normobarica. 4 semanas, 30 minutos por dia | en ambos grupos pero sin
durante 3 dias por semana en | diferencias significatvas. NO
cicloergometro. DIFERENCIAS ENTRE
HIPOXIA Y NORMOXIA.
Ogawa et al | Hipoxia 7 corredores de élite realizaron un test | Durante el test aerdbico en
(2005) %7 intermitente aerobico y otro anaerdbico en hipoxia | hipoxia hubo un descenso en el
(activa) (2500m) y normoxia. VO max significativo en
(hipobarica) comparacion  con  normoxia
(18%). A la vez, se alcanzaron
niveles mas altos de lactato en
hipoxia que en normoxia en
cargas submaximas. Pese a ello,
en el test anaerdbico no se
vieron descensos significativos
del rendimiento comparando
ambos grupos (hipoxia 'y
normoxia).
Dufour et al | Hipoxia 6 semanas de entrenamiento intervalico. 18 | Incremento de un 5% en el
(2006) =* intermitente corredores (2x12, 2x16 y 2x20 minutos | Vo2max y un 35% en el tiempo
(activa) incrementando a lo largo del estudio). 3000 | hasta la fatiga en el grupo que
(normobaérica) | metros hipoxia simulada. entreno en hipoxia. No en grupo

normoxia. En atletas altamente

entrenados: estimulo metabdlico
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y  adaptaciones  periféricas.
MEJORAS DEL
RENDIMIENTO
ANAEROBICO

Bonetti DL et al
(2006) ***

Hipoxia
intermitente
(pasiva)

(normobarica)

10 competidores subelite de kayak-sprint
realizaron un protocolo de 3 semanas.
Grupo hipoxia durante 5 dias a la semana se

exponia durante 5 minutos cada hora.

3 dias post-protocolo el grupo de
hipoxia mostr6 un incremento en
maximo potencia (+6,8% +5,2),
la media de potencia en series
intervélicas (5x100metros)
(+8,3%+6,7). Aumento en la
concentracion de hemoglobina
3,6% +3,2). Estos resultados
eran presentes 10 dias post-
exposicion. MEJORA DEL
RENDIMIENTO

ANAEROBICO

Ogura Y et al
(2006) **

Hipoxia
intermitente
(activa)

(normobarica)

7 hombres de nivel amateur realizaron 12
sesiones consistentes en tests ciclistas a
intensidad submaxima para establecer la
relacion entre la carga de trabajo y la
demanda de O*. A la vez realizaron 3 test de
Wingate de 40 segundos en normoxia y dos
condiciones de hipoxia (FiO= 164 y

12,7 %).

No se encontraron diferencias en
la demanda de oxigeno en la
condicién de 16,4% de O,. Sin
embargo para el ejercicio en
12,7% de O, el % de
contribuciéon anaerdbica en la
ultima fase del test de wingate
(20 a 40 s) fue
significativamente mas alta que
en normoxia (p<0,05). Por ello a
altos niveles de hipoxia se
aumenta significativamente la
contribucién  anaerdbica  en
relacién a normoxia o hipoxia

moderada.

Wood MR et al
(2006) 24

Hipoxia
intermitente
(pasiva)

(normobarica)

29 hombres entrenados de hockey y futbol
realizaron un estudio que incluyd un grupo
que realizaba diariamente durante 15 dias un
protocolo de 6 minutos de respiraciéon en
hipoxia alternado con 4 minutos de
normoxia (durante 1 hora al dia). El grupo
control no realizaba ninguna exposicion. Se

valoraron test incrementales en tapiz rodante

seguidos de 6 sprints de velocidad.

El grupo que entreno 15 dias en
condiciones de respiracion en
hipoxia mejoréd post-protocolo
de manera significativa en

comparacion con el grupo
control en los sprints maximo y
la velocidad del test incremental
(alta intensidad). A la vez
reportaron menores niveles de

lactato.

Friedmann B et

al (2007) 24!

Hipoxia
intermitente
(pasiva)

(normobarica)

18 hombres (triatletas y corredores
entrenados realizaron 2 supramaximos test
en tapiz rodante. 1 en normoxia y otro 4h

después de exposicion pasiva a hipoxia

No diferencias en el maximo
déficit de oxigeno alcanzado. En
el grupo hipoxia hubo una

significante reducciéon en el
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normobarica (FiO’= 15%). Se valoro el
maximo déficit de oxigeno acumulado,

lactato y amonio.

tiempo hasta el agotamiento que
déficit
Los

correlaciond con el

acumulado de oxigeno.
valores de amonio y lactato
tuvieron una tendencia a ser
menores en condiciones de
hipoxia. La conclusion de este
estudio  describe que la
reduccion del rendimiento en
pruebas de maxima intensidad y
corta duraciéon depende a la
reduccion en la capacidad

aerdbica (que ocurre en hipoxia).

Tadibi V et al
(2007) 2

Hipoxia
intermitente
(pasiva)

(normobarica)

20 deportistas entrenados realizaron durante
15 dias consecutivos a un hipoxicator a
diferentes FiO? durante 6 minutos 6 veces
por dia. Antes y después del protocolo se
valord un test en cicloergometro (Wingate y

un test incremental).

Los resultados demostraron que
1 hora de exposicion a hipoxia
intermitente (via hipoxicator) no
mejord6 ni el rendimiento

aerobico ni anaerdbico.

Hamlin M et al
(2009) >

Hipoxia
intermitente
(activa)

(normobarica)

16 atletas de alto nivel. 10 dias consecutivos
de entrenamiento (90 minutos al 60-70% de
la Frecuencia cardiaca y finalizando con 2
series de 30 segundos en cicloergémetro. 9
sujetos entrenaron en condiciones de
hipoxia normobarica con saturaciones de
oxigeno entre 88-82% y 7 atletas en

normoxia.

Test: a los 2 y 9 dias posteriores
a finalizar el protocolo. En
comparaciéon con el grupo de
normoxia; el grupo hipoxia
mejoroun 3y 1,7% (alos 2y 9
dias) en las dos series de 30
segundos (wingate). Se indica
una mejora en la capacidad
glucolitica en el  grupo
entrenador en condiciones de

hipoxia.

Robertson et al
(2010) **

Hipoxia
intermitente
(pasiva) (LH-
TL)

17 corredores élite. 4 semanas de
entrenamiento en hipoxia normobarica y
normoxia. Combinando vivir arriba-entrenar

abajo + entrenar alto.

Mejoras del Vo2max y de la
masa hemoglobina en corredores
bien entrenados. Pequefia mejora

en carrera de 3000 metros a

(normobarica) maxima intensidad 2 dias
después de la intervencion en el
grupo de hipoxia. MEJORA
DEL RENDIMIENTO

Holliss BA et al | Hipoxia 9 sujetos fisicamente activos, protocolode 3 | Test: 1 serie de trabajo
(2013) ¥ intermitente semanas.  Entrenamiento  de  fuerza | submaximo constante, 24
(activa) (extension de piernas) en hipoxia | segundos de trabajo de méaxima

(normobaérica) | normobarica (FiO, 14,5%). 25 minutos | intensidad y el control de la

entrenamiento. 1 pierna entrenaba en

hipoxia y la otra en normoxia (control).

recuperacion de la
fosfofructoquinasa y un test
incremental hasta el
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agotamiento. La recuperacion de
la fosfofructoquinasa después de
ejercicio maximo era mejorada
en la pierna entrenada en hipoxia
(respecto a la pierna entrenada
en normoxia). No se
describieron cambios en los
metabolitos musculares

comparando ambas piernas en

los test realizados.

Puype J et al
(2013) 24

Hipoxia
intermitente
(activa)

(normobarica)

19 deportistas amateurs realizaron 6
semanas de entrenamiento intervalico en
cicloergémetro . 10 sujetos en hipoxia (Fi0?
= 14,4) y 9 en normoxia. Después del
entrenamiento se valoré un test maximo
incremental de 10 minutos simulando una

contrareloj.

La actividad de la
fosfofruktokinasa mejoré mas en
el grupo de

normoxia (59% vs. 17%). La

hipoxia que
potencia maxima desarrollada
durante el test también fue
incrementada significativamente
en el grupo de hipoxia vs.
normoxia a la intensidad de 4
mmol.I-1 de lactato. Se concluyé
que el entrenamiento en hipoxia
mejord la actividad glucolitica y
el rendimiento en umbral
anaerdbico en comparacion con

el entrenamiento en normoxia.

Faiss R et al
(2013) %8

Hipoxia
intermitente
(activa)

(normobarica)

40 deportistas entrenados completaron 8
sesiones de entrenamiento (sprints repetidos
(3000m) vy

intervalicos) en hipoxia

normoxia (400m).

Después del entrenamiento el
grupo que entrend en hipoxia
mejord el nimero total de series
hasta el agotamiento (p<0.01) en
comparacion con el grupo que
entrend en normoxia (pre Vvs.
post). Sin embargo la potencia

generada mejord en un 6-7% en

ambos grupos post
entrenamiento.  Ademas  se
apreciaron mejoras en

adaptaciones moleculares y una
mayor perfusion sanguinea a los
musculos durante ejercicio en el

grupo que entrend en hipoxia.

Bowtell L et al
(2013) %

Hipoxia
intermitente
(activa)

(normobarica)

9 hombres bien entrenados realizaron 10
series de 6 segundos de sprints maximos con
30 segundos de
condiciones diferentes de FiO? (21, 15, 14,
13, 12 %).

recuperacion en 5

En condiciones de hipoxia se

constataron  las  siguientes

respuestas: mayor frecuencia

cardiaca, mayor ventilacion,

niveles de lactato, mayor
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desoxigenacion ~ muscular y

activacion  muscular

(p<0.,05)

menor
(EMG) que en
condiciones de normoxia. Pese a
estos datos, el mnivel de
rendimiento en los sprints solo
se vio disminuido en las
condiciones de 12% de O” en

comparacion con normoxia.

Galvin H et al | Hipoxia 30 jugadores de rugbi copletaron 12 | E1 grupo que entrené en
(2013) % intermitente sesiones de sprints repetidos (10x6 segundos | condiciones de hipoxia reportd
(activa) con 30 segundos de recuperacion) en | las siguientes mejoras en
(normobérica) | condiciones de hipoxia (FiO*> = 13) o | comparacién con el grupo de
normoxia (21% O?). El test se realizd en | normoxia: En un test Yo-Yo
tapiz rodante pre-post entrenamiento. (nivel 1) el grupo mejord
significativamente en
comparacion con el grupo de

normoxia (p<0,05).
Alvarez-Herms, | Hipoxia 12 sujetos entrenados completaron 12 | Después del entrenamiento en
2014 (Inpress) | intermitente sesiones de entrenamiento de fuerza | hipoxia existid una mejora en
(activa) resistencia sobre extremidades inferiores | comparacion con el grupo de
(hipobarica) (sentadillas, sentadillas con salto y saltos) en | normoxia de 6,75% de altura

hipoxia hipobarica (2500m) (n=6) y
normoxia (n=6) durante 4 semanas.

Antes y después del entrenamiento se valoro
el rendimiento en un test de Bosco de saltos
continuos durante 60 segundos valorando la
altura de vuelo mantenida durante el tiempo

y en periodos de 15 segundos.

media de vuelo en el test de 60
segundos de saltos continuos
(p<0,05). Lo mas destacable fue
que el el periodo de 45 a 60
media

segundos la  altura

mantenida por el grupo de
hipoxia fue significativamente
mas alta en el grupo de hipoxia

(p<0,01).

Tabla 2. Estudios que valoran alguna medicion de rendimiento anaerdbico después de intervenciones de

entrenamiento en hipoxia
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