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“Todas as vitorias ocultam uma abdicacao” (Simone de Beauvoir)

“Toute réussite déguise une abdication”

“A persisténcia ¢ o menor caminho do éxito” (Charles Chaplin)

“La persistance est le plus court chemin vers le succes”

“O conhecimento nos faz responsaveis” (Che Guevara)

“La connaissance nous rend responsables”
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RESUMO (PORTUGUES)

O objetivo do presente estudo foi analisar as relagdes da economia de corrida (ECO) e da
eficiéncia mecanica (Ef) com o desempenho de corredores de rendimento, utilizando modelos
alométricos. No estudo original I, 13 corredores recreacionistas (homens; idade: 33,3 = 8,4
anos; massa corporal: 76,4 + 8,6 kg; consumo maximo de oxigénio - VO,max: 52,8 £ 4,6 mlkg
1‘min’l) e 13 corredores de alto-rendimento (homens; idade: 25,5 + 4,2 anos; massa corporal:
62,8 £ 2,7 kg; VOonmax: 70,4 £ 1,9 mI'kg’l'min'l), todos praticantes de provas de meio-fundo,
realizaram um teste maximo de esfor¢o progressivo, até a exaustdo, com o intuito de
determinar o valor de VO, € um teste de ECO com duragao de 6-min a 70% do VO;4x para a
mensuracdo do consumo submaximo de oxigénio (VOysupmax), COM € sem a aplicagdo de um
expoente alométrico (b) especifico correspondente a 0,75, determinado através da relagdo
alométrica y = axb, onde y corresponde a taxa metabdlica maxima, a ao coeficiente alométrico,
e x a massa corporal. Todos os corredores, também, participaram de uma prova de meia-
distancia em uma pista de atletismo. Neste estudo, investigou-se o efeito da escala alométrica
na relagdo entre ECO e desempenho em prova de meia-distancia, de acordo com o
condicionamento cardiorrespiratério. No estudo original Il, 14 corredores recreacionistas
(homens; idade: 29,0 + 7,0 anos; massa corporal: 70,0 + 10,2 kg; VO,msx: 52,0 £ 4,9 mI‘kg’l'min'
'), praticantes de corridas de longa-distancia, também realizaram um teste maximo de esforco
progressivo, até a exaustdo, para a determinac¢do do VO;ms, € um teste de ECO com duragao
de 6-min a 3,1 ms* para a determinagdo do VOjsupmax- Durante o teste submdximo, foi
realizada uma videometria no plano sagital direito de cada sujeito com o objetivo de mensurar
os trabalhos mecanicos interno (W), externo (W) e total (W) e, posteriormente,
relaciona-los com o desempenho em prova de rua de 10.000 m, com e sem o uso de expoentes
alométricos especificos. Para este estudo foram adotados os expoentes alométricos
correspondentes a 0,75, sugerido pela literatura, e 0,45, determinado matematicamente. No
estudo original Ill, 13 corredores recreacionistas (homens; idade: 33,3 + 8,4 anos; massa
corporal: 76,4 + 8,6 kg; VOpmsx: 52,8 £ 4,6 mI'kg’l‘min’l) realizaram um teste maximo de esforgo
progressivo, até a exaustdo, um teste de ECO dividido em trés testes submaximos (50%, 70% e
90% do VO;ms), com duragdo 6-min cada, e um teste supra-maximo voluntario, até a exaustao,
correspondente a 110% da velocidade no VO;ns. ApOs os testes laboratoriais, todos os
corredores participaram de uma prova de 10.000-m em uma pista de atletismo. Para cada
sujeito, a técnica de corrida foi registrada cinematicamente utilizando-se 4 cameras digitais de
alta frequéncia. Com o objetivo de investigar a relagdo da ECO e da Ef com o desempenho de
corredores de rendimento, usando modelos alométricos, foram determinados os expoentes
alométricos correspondentes as taxas metabdlicas maxima e submaxima (0,84 e 0,76,
respectivamente). A contribuicdo das energias aerdbica (AE) e anaerdbica (AnE) no custo
energético da corrida (C,) também foi investigada. Foi aplicada a estatistica descritiva através
de médias e desvios-padrao e o teste Shapiro-Wilk para verificagdao da normalidade dos dados.
Foram empregados os testes T de Students para amostras dependentes e independentes, as
analises de correlagdo de Pearson e de Regressdo Linear Multipla e, a transformacdo de Fisher
r-to-z. A partir dos resultados apresentados nos trés estudo originais, conclui-se que a escala
alométrica pode melhorar a relagdo entre ECO e desempenho em meia e longa-distancia,
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principalmente de corredores recreacionistas, devido a influéncia dos aspectos
morfofuncionais no desempenho fisico. Da mesma forma, para esta mesma populagdo, os
trabalhos mecanicos, especialmente o W, podem ser considerados preditores do
desempenho, e um expoente alométrico especifico pode melhorar essas predi¢cdes. Em relagao
a Ef, os resultados demonstraram que, assim como ocorre com a ECO e com os trabalhos
mecanicos, esta também é uma importante varidvel preditora do desempenho em provas de
longa-distancia. Entretanto, quando aplicada a alometria, ndo houve melhora na predi¢ao do
desempenho advindo da Ef. Os resultados também demonstraram que para o calculo da Ef
deve-se considerar a contribuicio da AnE pois, do contrario, os resultados podem ser
superestimados, como ja verificados em outros estudos. Em suma, quando o objetivo for
predizer o desempenho de corredores recreacionistas, meio-fundistas ou fundistas, através
das poténcias metabdlica ou mecanica, sugere-se adotar um expoente alométrico especifico
do grupo investigado. No entanto, quando essa predi¢dao for realizada considerando-se a Ef,
especificamente em corredores de alto-rendimento, a aplicagdo alométrica ndo é necessaria.

RESUME (FRANCAIS)

Le but de cette étude était d'analyser la relation entre I'économie de course a pied (ECO) et
I'efficience mécanique (Eff) dans la performance des coureurs spécialistes en moyenne et
longue distance, utilisant des modeéles allométriques. Dans I'étude originale I, 13 coureurs
amateurs (hommes, age : 33.3 + 8.4 ans, poids corporel : 76.4 + 8.6 kg, consommation
maximale d'oxygéne - VOynax : 52.8 £ 4.6 mI'kg’l‘min’l) et 13 coureurs d’haut niveau (hommes,
age : 25.5 + 4.2 ans, poids corporel : 62.8 + 2.7 kg, VOpmax : 70.4 £ 1.9 mI'kg'l'min'l), tous
spécialistes en preuves de moyenne distance, ont effectué un test progressif maximal afin de
déterminer les valeurs de VO;ax, €t un test de ECO de 6-min a 70% du VO;max pOur mesurer la
consommation d'oxygéne sous-maximale (VOysupmax), avec et sans l'application d'un exposant
allométrique (b) spécifique correspondant a déterminée par la relation allométrique y = ax®, o
y correspond a la taux métabolique maximal, a au coefficient allométrique et x a la masse
corporelle. Tous les coureurs également ont participé de une course a pied de moyenne
distance en une piste de athlétisme. Dans cette étude, nous avons étudié |'effet de I'échelle
allométrique dans la relation entre ECO et performance, selon le conditionnement
cardiorespiratoire. Dans I'étude original Il, 14 coureurs amateurs (hommes, age : 29.0 + 7.0
ans, poids corporel : 70.0 £ 10.2 kg, VOonax : 52.0 £ 4.9 mI'kg’l'min'l), spécialistes en longue
distance, également ont effectué un test progressif maximal afin de déterminer les valeurs de
VO,max, €t un test de ECO de 6-min 4 3.1 m's™ pour évaluer le VO,suomax- Pendant le test sous-
maximal a été effectuée un registre cinématique afin de mesurer le travail mécanique interne
(Wint), externe (Wey) et total (W) et, apres, les relier a la performance en 10.000 de course a
pied, avec et sans l'utilisation des exposants allométriques spécifiques. Pour cette étude, nous
avons adopté les exposants allométriques correspondant a 0.75, suggérées par la littérature,
et 0.45, spécifique du group de sujets évalués. Dans I'étude original Ill, 13 coureurs amateurs
(hommes, age : 33.3 £ 8.4 ans, poids corporel : 76.4 + 8.6 kg, VOymax : 52.8 £ 4.6 mI'kg'l'min'l)
ont effectué un test progressif maximal, un test d’ECO composé de trois intensités sous-
maximales correspondants a 50%, 70% et 90% du VO,,.x avec une durée de 6-min chacun et,
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un test supramaximal correspondant a 110% de la vitesse du VO,ma. Aprés des tests en
laboratoire, tous les coureurs ont participé de une course a pied de 10.000-m en une piste de
athlétisme ou la technique a été enregistrée cinématiquement avec des quatre caméscopes de
haute fréquence. Afin d'étudier des relations de I'ECO et I'Eff avec la performance des
coureurs expertises en longue distance, ont été déterminées des exposants allométriques
correspondant au taux métabolique en situations maximal et sous-maximal (0.84 et 0.76,
respectivement). La contribution de I'énergie aérobique (AE) et anaérobique (AnE) dans le colt
énergétique en course a pied (C,) a été évaluée. Nous avons utilisé des statistiques descriptives
(moyenne et écarts-types) et le test de Shapiro-Wilk pour vérifier la normalité des données.
Les tests T de Student dépendant et indépendant, des analyses de corrélation de Pearson et de
Régression Linéaire Multiple et, la transformation de Fisher r-to-z ont été réalisés. Selon les
résultats, I’échelle allométrique peut améliorer la relation entre ECO et performance dans la
course a pied de moyenne et longue distance, principalement en coureurs amateurs, pour
raison morpho-fonctionnelles. Egalement, pour cette méme population, des travails
mécaniques, principalement le W, peut étre considérées comme prédicteurs de la
performance de la course a pied de sujets spécialistes en longue distance, et un exposant
allométrique peut améliorer cette prédiction. En ce qui concerne a I'Eff, les résultats ont
montré que, comme également occur avec I'ECO et les travails mécaniques, cette variable est,
aussi, une important variable de prédiction de la performance en preuves de longue distances.
Toutefois, quand appliqué des exposant allométriques, il n'y avait aucune amélioration dans
cette prédiction, principalement en coureurs de haut niveau. Les résultats ont montré, aussi,
que pour le calcul de I'Eff, la contribution AnE est important, parce que, contrairement, les
résultats peuvent étre surestimés comme déja signalé en autres études. En général, lorsque
I'objectif est prédit la performance des coureurs amateurs de moyenne ou de longue distance,
a travers des puissances métaboliques ou mécaniques, est suggéré d'adopter un exposant
allométrique spécifique du groupe étudié. Toutefois, lorsque cette prédiction est réalisée avec
la utilisation de I'Eff en un group de coureurs de haut niveau, I'échelle allométrique n’est pas
indiquée.
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1.1. INTRODUGAO

Um organismo de maior massa corporal (MC) apresenta uma taxa metabdlica (TM) maior
qgue um organismo de menor MC, pois existe uma relagdo proporcional crescente entre MC e
metabolismo (GILLOOLY et al., 2001). Entretanto, o maior organismo poderd apresentar
valores metabdlicos menores quando estes forem normalizados pela MC total (JENSEN et al.,
2001; LOFTIN et al., 2001). No primeiro caso, a TM é expressa de forma absoluta, através de
uma unidade que representa a quantidade total da varidvel avaliada. No segundo caso, é
expressa de forma relativa, através de uma unidade que representa a quantidade da variavel
avaliada para cada quilograma de MC.

Durante o exercicio intenso considera-se o consumo maximo de oxigénio (VO,ms) cOmo
uma das medidas para avaliagdo do condicionamento cardiorrespiratério. Ele pode ser
expresso de forma absoluta (Lmin™) ou de forma relativa & MC total (ml’kg"min™) (POWERS e
HOWLEY, 2012). Os valores relativos sdo mais utilizados para comparagdes entre sujeitos que
apresentam diferentes niveis de condicionamento fisico (BASSETT e HOWLEY, 2000).

Especificamente na corrida de rendimento, os principais fatores fisioldgicos que predizem o
desempenho em provas de meia (800 a 5.000-m) e longa distancia (10.000-m) sdo a economia
de corrida (ECO) e o limiar anaerdbico (LA) (BASSETT e HOWLEY, 2000; FOSTER e LUCIA, 2007;
NUMMELA et al., 2007). A ECO é definida como o consumo de oxigénio em uma determinada
velocidade submaxima de corrida (VOazsupmax) (WILLIAMS e CAVANAGH, 1987) ou o consumo de
oxigénio em uma determinada distancia, denominada de custo energético ou metabdlico (Cpet)
(MARGARIA et al., 1963). Esta pode ser responsavel por até 30% do desempenho em provas de
meia e longa distancia (DANIELS et al., 1978; FARRELL et al., 1979; CONLEY e KRAHENBUHL,
1980; BASSETT e HOWLEY, 2000; SAUNDERS et al., 2004). J4 o LA, podendo ser determinado
pelas respostas ventilatdrias ou pelo comportamento da curva de lactacidemia (OWLES, 1930;
WASSERMAN e MCcILROY, 1964; WASSERMAN et al., 1973; COYLE, 1995; HOLLMANN, 2001)
tem sido identificado, também, como um bom preditor do desempenho da corrida,
respondendo por 72 a 92% da variagao do desempenho para distancias compreendidas entre
3,2 e 42,2 km (FARRELL et al., 1979; SJODIN e JACOBS, 1981).

Entretanto, apesar da forte relagdo entre ECO e desempenho existente em corredores de
rendimento de meia e longa distancia, a relativizagdo da ECO vem sofrendo algumas criticas.
Acredita-se que a relativizagio do consumo de oxigénio pela MC total (kg™), tanto em
intensidades maxima quanto em intensidades submaximas de esforco, ndo seja o melhor
parametro de predicdo do desempenho e de comparagdo do condicionamento
cardiorrespiratério entre sujeitos. Alguns autores apontam a necessidade da utilizagdo de
parametros que permitam que varidveis fisioldgicas, como o consumo de oxigénio, sejam
comparadas entre sujeitos com valores relativos de massas corporais diferentes da MC total
(BRISSWALTER et al., 1996; WEST et al., 1997; DARVEAU et al., 2002).

A escala alométrica é um exemplo. Ela é representada por uma equag¢do de regressao que
indica o comportamento de uma variavel fisiolégica y em relag¢do a variavel massa x (y = ax’). 0
coeficiente alométrico a é caracteristico da espécie analisada - podendo ser o0 VO,,s absoluto -
e o expoente alométrico b determina a parcela da MC a ser associada com a variavel y. Esta
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fungdo exponencial pode ser transformada logaritmicamente em uma funcgao linear através da
equacaolny=Lna+bLnx.

Na pratica esportiva, poucos estudos tém verificado a necessidade de adotar diferentes
expoentes alométricos para a determina¢do da quantidade de MC a ser utilizada na
relativizacdo do consumo de oxigénio. Estes valores seriam especificos para diferentes
modalidades esportivas (JENSEN et al., 2001) e para populagdes especiais (GOOSEY-TOLFREY et
al., 2003). Neste ambito, afirma-se que a relativizagdo parcial do consumo de oxigénio e da MC
é adotada devido ao fato de existirem muitos tipos de locomog¢do e cada um requer uma
quantidade de MC a ser sustentada e deslocada (SALTIN e ASTRAND, 1967). Entretanto, as
maiores justificativas da aplicagdo da escala alométrica, principalmente na determinacgdo da
ECO, podem ser verificadas nas relagGes comprovadas do metabolismo corporal (DARVEAU et
al., 2002), da temperatura corporal (GILLOOLY et al., 2001), do percentual de gordura corporal
(KUSANO et al., 1997) e do tamanho da superficie corporal (TARTARUGA et al., 2009), esta
determinante da capacidade de troca de calor com o meio externo (JENSEN et al., 2001), com
o consumo de oxigénio. Indiscutivelmente, cada sujeito apresenta uma particularidade no
consumo de oxigénio resultante das diferencgas fisioldgicas de cada organismo. Dessa forma,
relativizar o consumo de oxigénio individual pela MC total podem resultar em equivocos na
comparag¢do do condicionamento fisico entre sujeitos. No caso da corrida, pode resultar em
valores de ECO contraditérios.

Outros fatores que podem auxiliar na compreensao do desempenho em provas de meia e
longa distancia estdo relacionados ao comportamento de varidveis mecanicas e energéticas da
locomogado. Dois modelos mecanicos, o péndulo-invertido e o sistema massa-mola, explicam
como o0s mecanismos pendular e eldstico minimizam o dispéndio energético advindo dos
musculos durante a caminhada e a corrida humana, respectivamente (PEYRE-TARTARUGA,
2008). Na caminhada, a energia potencial gravitacional (EPG) é alta quando o centro de MC
(CM,) esta sobre o ponto de contato do corpo com o solo, mas a partir deste momento, a EPG
comega a diminuir e a energia cinética (EC) horizontal obtém um acréscimo gradativo. Quando
o ponto de contato volta a estar na frente do CM. a EC diminui e a EPG aumenta. Estes
comportamentos entre EC horizontal e EPG acontecem em oposi¢do de fase (CAVAGNA et al.,
1963) e, portanto, em um processo de reconversao (Recovery). Por outro lado, na corrida, os
acréscimos de EC e EPG ocorrem concomitantemente, portanto o mecanismo de conservagao
de energia citado anteriormente n3o se aplica neste tipo de locomogdo. E postulado que
durante a primeira metade da fase de apoio da corrida, musculos e tenddes se alongam
armazenando energia potencial elastica (EPE), enquanto que os mddulos de EC horizontal e
EPG diminuem. Esta EPE, armazenada como uma mola comprimida por uma massa, é
transformada em EC horizontal e em EPG de modo gradativo durante a segunda metade da
fase de apoio (CAVAGNA et al., 1964; KOMI, 2000).

Enquanto que a medida de trabalho mecéanico externo (We) possui uma correspondéncia
com o trabalho mecanico realizado pelos musculos na caminhada, os valores obtidos para a
corrida superestimam o trabalho muscular realizado devido a dificuldade de quantificar a EPE
durante o movimento (SAIBENE e MINETTI, 2003). De fato, parte consideravel do aumento e
diminuicdo da energia mecanica total na corrida ndo é causada pelas contragbes excéntricas e
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concéntricas musculares, mas pelo alongamento e encurtamento das estruturas elasticas da
unidade musculo-tenddo. Portanto, na corrida, a adigdo do trabalho mecanico interno (W) e
a transferéncia entre segmentos dos mesmos membros (inferiores e superiores) permitem
uma estimativa mais préxima do trabalho mecanico total (W), resultante, entdo, da soma do
Wint € Weyxt (WILLEMS et al., 1995).

O conceito de eficiéncia mecanica (Ef) é integrado na locomog¢do mais tarde, sendo esta a
capacidade de produzir Wi, com 0 menor VO supmax POSsivel (CAVAGNA et al., 1977). O Wiy,
derivado do teorema da EC total de um sistema (teorema de Kdning), ja havia sido descrito por
Fenn em 1930, e formalizado por Cavagna e Kaneko (1977). Entretanto, somente mais tarde
sua relagdo com o Wy, foi preconizada (WILLEMS et al., 1995). Mas a grande associagdo
proposta pelos trabalhos citados anteriormente é de que o W,y calculado com base no
comportamento do CM, e do centro de massa de cada segmento corporal (CMs) é resultante
de fendbmenos fisioldgicos e mecanicos corporais. A Ef, advinda do quociente do Wy, pelo
VOysubmax Passa a ser, entdo, investigada em estudos relacionados a locomogdo (KYROLAINEN
et al., 1995; SCHEPENS et al., 2001; FROST et al., 2002; MIAN et al., 2006), porém, sem que
haja uma maior preocupac¢do na determinagao da poténcia metabdlica, ou seja, na escolha de
um expoente alométrico especifico da amostra para o calculo desta varidvel.

Apesar das fortes relagdes verificadas na literatura da ECO e da Ef com o desempenho em
provas de meia e longa distancia, poucos estudos tém sido desenvolvidos com o objetivo de
investigar a influéncia da escala alométrica no comportamento da ECO e da Ef,
consequentemente, nas referidas relagdes. De acordo com diversos autores (MARGARIA et al.,
1963; CAVAGNA et al., 1964; CAVAGNA et al., 1976; CAVAGNA e KANEKO, 1977; MINETTI et
al., 1994; MINETTI et al., 1995; WILLEMS et al., 1995; MINETTI, 1998; MINETTI et al., 2002;
CAVAGNA et al., 2008; CAVAGNA, 2010), a ECO e a Ef sdo varidveis resultantes do
comportamento e da interacdo de parametros mecanicos e energéticos importantes para a
locomogao. Acredita-se que com a aplicacdao de expoentes alométricos especificos as relagdes
da ECO e da Ef com o desempenho de corredores de rendimento tornem-se mais precisas
devido a utilizagdo de valores de consumo de oxigénio mais representativos dos grupos
investigados.

1.2. OBJETIVO

1.2.1. OBJETIVO GERAL DA TESE

Analisar as rela¢gdes da ECO e da Ef com o desempenho de corredores de rendimento
usando modelos alométricos.
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2.1. A ESCALA METABOLICA

A relagdo entre massa corporal (MC) e taxa metabdlica (TM) tem despertado o interesse de
pesquisadores de diversas areas do conhecimento (JONES e LINDSTEDT, 1993; SUAREZ et al.,
2004; INGHAM et al., 2008; TARTARUGA et al., 2010). Desde os primeiros estudos de Rubner
(1883) e Kleiber (1932), muitas pesquisas tém sido desenvolvidas com o objetivo de
compreender melhor a relagdo entre TM e MC, com o uso de modelos alométricos especificos
(SUAREZ et al., 2004; TARTARUGA et al., 2010).

Rubner (1883) demostrou a existéncia da relagdo entre TM e tamanho corporal de
cachorros. De acordo com seu estudo, pequenos cachorros apresentam maiores taxas
metabdlicas por quilograma de MC do que grandes cachorros. Ele verificou uma relagao da TM
com % da MC (r = 0,71), o que representaria a relagdo entre TM e superficie corporal (TAYLOR
et al., 1970). Ja Kleiber (1932) dando continuidade ao estudo da relagdo entre TM e MC,
analisando ratos e aves de diferentes tamanhos, verificou que a TM apresentava maior
proporcionalidade com % da MC (r = 0,98) (KLEIBER, 1947; TAYLOR et al., 1970), diferente do
proposto por Rubner (1883), além de concluir que ela ndo estava relacionada apenas a
superficie corporal como proposto por Rubner (1983). Para confirmar seus achados Kleiber
(1947) publicou outro estudo comprovando, novamente, a existéncia da relagdo entre TM e %
da MC de mamiferos de diferentes tamanhos (Figura 1).
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Figura 1 — Proporcionalidade entre TM e MC¥* Kleiber (1947).
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Para ambos os pesquisadores, a TM pode ser determinada através de uma equacdo de
regressao (Equagdo 1) que indica o comportamento desta variavel (y) em relagdo a variavel MC
(x) (Equacgao 2).

y=ax’ (1)

T™ = aMc® (2)

onde a corresponde a intercepg¢do vertical, também denominada de coeficiente alométrico, e
b ao expoente alométrico (DARVEAU et al., 2002; SUAREZ et al., 2004; TARTARUGA et al.,
2009). Esta fungdo exponencial alométrica (quando b é diferente de 1, i. e., isométrica) pode
ser transformada logaritmicamente em uma fungdo linear (Equacgbes 3 e 4) e ser utilizada na
determinacgao do b através da inclinagdo da reta.

Lny=Lna+blnx (3)
LnTM=Lna+bLnMC (4)

No entanto, devido a grande diversidade de formas dos organismos, é dificil caracterizar a
MC com tendo um comportamento fisioldgico linear. Segundo Barbosa (2007), na alometria é
comum usar a MC como uma variavel independente (x) por ela ser uma grandeza que pode ser
facilmente medida na maioria dos organismos, sua medida pode ser feita com bastante
precisdo e seu intervalo de variagdo pode variar consideravelmente. Como variavel
dependente (y), caracteristica de plantas e animais, destacam-se a taxa metabdlica basal
(TMB), a frequéncia cardiaca (FC) do organismo em repouso, o tempo de vida de um
organismo, o raio da aorta e do tronco das arvores, a duragao do ciclo de respira¢do nas aves e
nos mamiferos e o tempo para alcangar a puberdade nas aves e nos mamiferos.

Baseado na minimiza¢do de energia e na geometria fractal da rede de distribuicdao de
nutrientes, West et al. (1997) retomou o debate em relagdo ao valor correto do expoente
alométrico correspondente a taxa metabdlica basal (TMB) ao derivarem a lei dos % (BARBOSA,
2007). Segundo West et al. (1997) a lei de Kleiber (b = %) caracteriza a TMB de quase todos os
organismos, contrario a muitos pesquisadores que acreditam que a TMB é governada apenas
pela lei da superficie de Rubner (b = %) (DODDS et al., 2001; WHITE e SEYMOUR, 2003) e a
outros que acreditam ndo existir um Unico valor especifico de b na natureza (GLAZIER, 2005;
TARTARUGA et al., 2009; TARTARUGA et al., 2010).

Apesar da consistente fundamentagdo de West et al. (1997), alguns problemas foram
evidenciados mais tarde. Muitas varidveis e processos bioldgicos nas aves e nos mamiferos
parecem ter expoentes aproximadamente proximos de ', tais como a duragdo do ciclo de
respiracdo, o tempo para puberdade, entre outros (BARBOSA, 2007). Também, estudos tém
demonstrado que o b, correspondente a taxa metabdlica maxima (TMM), é maior do que o da
TMB (WEIBEL et al., 2004), além de alguns erros matematicos e conceituais terem sido
encontrados para explicar a origem do expoente % da TMB, enfraquecendo a teoria proposta
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por Kleiber, em 1932 (DODDS et al., 2001; WEIBEL et al., 2004). Por fim, TMM, determinada
alometricamente, também tém sido relacionada com a temperatura corporal de animais
invertebrados e organismos unicelulares (Figura 2), espécies que necessitam, assim com os
vertebrados, manter a temperatura corporal constante (CALDER, 1981; GILLOOLY et al., 2001),
o que demonstra uma variabilidade nos resultados.
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Figura 2 — Efeito da temperatura na taxa metabdlica basal relativa de seres unicelulares (A),
plantas (B), invertebrados multicelulares (C), peixes (D), anfibios (E), répteis (F), aves e
mamiferos (G). Passaros (simbolos cinzas) e mamiferos (simbolos abertos) sdo apresentados
com temperaturas normais (tridngulos) e temperaturas durante a hibernagdo (quadrados)
(GILLOOLY et al., 2001).

Nos ultimos anos, o interesse no estudo do metabolismo escalar tem ressurgido com novas
propostas metodoldgicas e analises cientificas. West et al. (1997) e Banavar et al. (1999)
propuseram que a escala metabdlica pode ser entendida com bases na limitagdo de
suprimentos e/ou nos processos fisioldgicos que contribuem para a regulacdo da TM, como
também proposto mais tarde por Darveau et al. (2002), Hochachka et al. (2003), entre outros
(Figura 3). Apesar disso, Dodds et al. (2001) analisando a TM de 391 espécies de mamiferos e
de 398 espécies de aves, verificaram que as bases cientificas para rejeitar o b de % proposto
por Rubner (1883), correspondente a relagdo entre TM e superficie corporal, eram
insuficientes. White e Seymour (2003), investigando o comportamento da TM de 619 espécies
de mamiferos de diferentes temperaturas corporais, verificaram relagdes significativas entre
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TM e temperatura corporal correspondentes a %. Dodds et al. (2001) e White e Seymour
(2003) destacaram que a metodologia empregada para a determinagdo da TM, da superficie e
da temperatura corporal podem influenciar no valor do expoente.
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Figura 3 — Estimativas de expoentes alométricos (b) correspondentes a taxa metabdlica
maxima (a) e a taxa metabdlica basal (b) de mamiferos (DARVEAU et al., 2002). Nota:
ventilagdo alveolar (V,), difusdo pulmonar (Dpymonar), débito cardiaco (Q), difusdo tecidual
capilar-mitocondria (Dieciqual), Metabolismo citosdlico e mitocondrial (Mpi), hidrélise de
adenosina trifosfato (ATPase), bomba de Calcio (Ca™bomba) € bomba de Sédio (Na*bomba)-

N* \Q.

Uma outra proposta de determinagao do b que surgiu na década de 90 corresponde a
filogenética. A TMB de mamiferos tem sido filogeneticamente determinada por diversos
pesquisadores (GARLAND e CARTER, 1994). De acordo com Symonds e Elgar (2002) o b
depende tanto da evolucdo fisiolégica como do modelo de regressao adotado. Essa afirmagao
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corrobora com os estudos de Tieleman e Williams (2000) e Frappell et al. (2001). Os
defensores do método filogenético argumentam que as analises envolvendo regressdes e
medidas entre diferentes espécies (interespecificas) falham devido a suposicdo de que
medidas pontuais, que representam cada espécie, sao estatisticamente independentes. Isso se
deve ao fato de que mesmo diferentes espécies de animais, por exemplo aves, sdo
descendentes de um mesmo ancestral em comum. Anadlises de medidas interespecificas sao,
dessa forma, potencialmente confundidas com relagdes filogenéticas (SUAREZ et al., 2004).

Embora opinides difiram em relagdo a qual b deva ser adotado em estudos investigatdrios
da TM, percebe-se que existe um longo caminho a ser percorrido na busca do melhor
expoente. Entretanto, os estudos até entdao desenvolvidos demonstram que, independente do
expoente a ser adotado, o mesmo possui forte sensibilidade a MC e a superficie corporal,
conforme verificado por Rubner (1883), e Kleiber (1932), o que torna necessadrio o
desenvolvimento de novos estudos cujo objetivo seja o de esclarecer melhor as relagbes entre
TM, MC e superficie corporal.

2.1.1. TAXA METABOLICA EM SITUACAO BASAL

Segundo os modelos propostos por Banavar et al. (1999) e West et al. (1997; 1999),
grandes animais, como baleias, apresentam menores taxas metabdlicas basais relativas em
comparacgdo a pequenos animais, como por exemplo, ratos, cuja MC é aproximadamente 10’
menor que a das baleias. Provavelmente essas menores taxas metabdlicas basais relativas
verificadas em grandes animais sao consequéncias de uma limitacdo na oferta de substratos
e/ou de O, para as células pelo sistema circulatério, o que torna pequenos animais mais
perspicazes em comparag¢ao a grandes animais. Apesar disso, sabe-se que a demanda de
substrato ou de O, de mamiferos aumenta significativamente (até 10 vezes em relagdo ao
repouso) em situacdo de exercicio (HOPPELER e WEIBEL, 2000), além de influenciar na
recupera¢ao da TMB pds-exercicio. Esse aumento pode ser ainda maior dependendo do
condicionamento cardiorrespiratdrio (JONES e LINDSTEDT, 1993).

Os valores da TMB do corpo inteiro representam a soma do metabolismo de diversos
6rgdos internos, inclusive o coragao, que executa trabalho mecanico préprio, e outros, tais
como o cérebro, o figado e os rins, que despendem energia devido, principalmente, a
biossintese e ao transporte de substancias pelas membranas (Figura 4) (SUAREZ et al., 2004).
Por esse motivo, musculos locomotores apresentam baixas taxas de ressintese e hidrélise de
adenosina trifosfato (ATP) e baixo consumo de O,, além de pouco influenciar na TMB. Dessa
forma, é plausivel acreditar que a TMB pode ser compreendida em termos escalares da MC e
das taxas metabdlicas internas de cada 6rgdo (WANG et al., 2001).
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Figura 4 — Aumento da taxa metabdlica resultante do transporte
de substancias pelas membranas (WEIBEL, 2002). Nota:
carboidrato (CHO) e adenosina trifosfato (ATP).

Mas o que determina a TM de um 6rgao? Um estudo bioquimico referente a esta questao
pode ser iniciado com a idéia de que para uma determinada célula os mecanismos regulatérios
da homeostasia devem garantir a harmonizagdo entre a sintese e a hidrélise de ATP. A
hidrolise de ATP pode mudar de acordo com as condigdes fisioldgicas, influenciando nas taxas
de sintese e permitindo a manuteng¢do das concentragdes intracelulares de ATP. Em condigdes
aerdbias, a maioria do ATP sintetizado é decorrente da fosforilagdo oxidativa mitocondrial.
Dessa forma, a taxa de consumo de O, pode representar a soma das taxas correspondentes a
respiracdo mitocondrial. Nas Ultimas trés décadas, a Teoria do Controle Metabdlico tem
emergido juntamente com as investigacGes relacionadas a regulagdio do metabolismo
(THOMAS et al., 1997).

Um conceito basico que tem emergido é que todas as etapas do processo estdao envolvidas
na regulacdao do metabolismo. No entanto, até 35 anos atras, antes que a Teoria do Controle
Metabdlico ganhasse aceitacdo, a hipdtese de que as taxas metabdlicas celulares ou de um
organismo poderiam ser reguladas pelas limitagdes de transportes de substratos e/ou O,
apenas poderia ser refutada pelo metabolismo celular. Este é o motivo pelo qual o processo de
hidrélise de ATP tem um papel importante no controle da sintese de ATP (ATKINSON, 1968).
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Na época, acreditava-se que esse controle ocorria através de mecanismos como a modulagao
alostérica da atividade fosfofrutoquinase pelos nucleotideos (MANSOUR e AHLFORS, 1968).

De acordo com Couture e Hulbert (1995), a TM celular in vitro diminui com o aumento da
massa e em varios orgaos a capacidade de transporte de ions na membrana celular diminui
com o aumento da massa. As atividades das enzimas glicoliticas, expressas em grama de massa
tecidual, aumentam enquanto as atividades das enzimas oxidativas diminuem com o aumento
da massa em musculos locomotores de mamiferos (EMMETT e HOCHACHKA, 1981). A
densidade do volume mitocondrial e/ou a érea de superficie diminui com o aumento da massa
no cérebro, figado, rins, coracdo e musculo esquelético, resultando uma diminui¢do da
capacidade de utilizagdo e sintese de ATP (HOPPELER et al., 1984).

Todos os relatos mencionados anteriormente demonstram que massas de 6rgaos e a TM
variam especificamente (WANG et al., 2001). Dessa forma, procedimentos alométricos podem
contribuir na analise da TM corporal de diversos 6rgdaos em situacao basal, sendo estes
influenciado pelas massas especificas e corporais. Na tabela 1 sdo apresentados quaisquer
expoentes alométricos resultantes da relagdo entre TMB e MC verificados em alguns estudos
realizados com aves e mamiferos, citados por Barbosa (2007).

Tabela 1. Expoentes alométricos resultantes de relagdes entre TMB e MC de diversos estudos.

Expoente  Grupo Intervalo de MC Referéncias

0,664 398 aves <10g-100,0 kg (DODDS et al., 2001)

0,668 357 pequenos mamiferos < 10g-10,0 kg (DODDS et al., 2001)

0,710 391 mamiferos <10g-3,67 ton. (DODDS et al., 2001)

0,669 126 aves 5,0 g-100,0 kg (MCKECHNIE e WOLF, 2004)
0,712 626 mamiferos 2,4g-3,67ton. (SAVAGE et al., 2004)

0,737 52 mamiferos 2,4g-3,67ton. (SAVAGE et al., 2004)

Nota: taxa metabdlica basal (TMB), massa corporal (MC).

2.1.2. TAXA METABOLICA EM SITUACAO MAXIMA

Um dos primeiros pesquisadores a investigar o comportamento alométrico de mamiferos
em situagdo de maximo esforgo foi Taylor et al. (1981). Eles investigaram o comportamento da
TMM de mamiferos domésticos e selvagens, obtendo expoentes alométricos de 0,790 e 0,855,
respectivamente. Quando os dois grupos foram analisados juntos o b obtido foi de 0,809. Anos
mais tarde, Taylor et al. (1988) e Weibel et al. (1991) adicionaram novas espécies na analise
anterior e obtiveram o valor de 0,86 para os dois grupos juntos. A partir destes estudos, outros
surgiram para corroborar com estudos da TMM (BARBOSA, 2007). Por exemplo, Hinds et al.
(1993), que mediram a TMM de 30 espécies de mamiferos induzida pela exposicdo a baixa
temperatura e pelo exercicio e obtiveram valores de 0,772 e 0,882, respectivamente.

Bishop (1999), em um estudo sobre o consumo maximo de oxigénio (VO,ms) de aves e
mamiferos, concluiu que as caracteristicas estruturais do sistema cardiovascular podem ter
sido desenvolvidas para a TMM. De acordo com o autor, a diferenga no b da TMM é devida a
diferentes adaptac¢des da estrutura cardiovascular e respiratdria das espécies de animais. Além
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disso, Bishop definiu um organismo padrdo no qual a massa do coragdo deve ser 1% da MC e
com a concentragdo de hemoglobina igual a 15 g para 100 mililitros de sangue (BARBOSA,
2007), demonstrando que a TMM das aves e dos mamiferos ajusta-se ao padrdo escalar com b
de 0,88 + 0,02, com r = 0,999. J4 White e Seymour (2005) encontraram um b de 0,87 + 0,05
para a TMM dos mamiferos e Niven e Scharlemann (2005) estudaram a TMM de insetos e
encontraram um b de 0,86.

De forma geral, a natureza logaritmica da equacdo alométrica sugere que a escala da TM
esteja relacionada com algumas propriedades fractais do organismo. Dois modelos universais
tém sido propostos com base em estudos vasculares, mitocondriais e capilares. De acordo com
esses modelos, a TMM deve escalar com kg3/4 (WEIBEL e HOPPELER, 2005), diferentemente do
b de 0,872 (+ 0,029) verificado por Weibel et al. (2004) quando investigadas 34 espécies de
mamiferos eutherian com MC variando entre 7g e 500 kg. Quando esses mamiferos foram
separados em espécies “atléticas” e “nao-atléticas” eles encontraram expoentes alométricos
de 0,942 + 0,024 e 0,849 + 0,024, respectivamente. De acordo com Weibel et al. (2004), a
TMM estd linearmente relacionado com a quantidade de mitocondria e capilares do
organismo, bem como as suas areas de superficie. Isso, consequentemente, confirma a teoria
inicial de que o modelo fractal poderia descrever melhor o comportamento escalar da TMM,

3/4

refutando, dessa forma, o argumento da relagdao entre TMM e kg™" e sugerindo, inclusive, que

a energia necessaria para a locomogdo poderia estar relacionada a kg7/8.

Especificamente em seres-humanos, Tartaruga et al. (2008), relacionando o VO, € O
limiar anaerdbio (LA), determinado pela ventilagdo e lactacidemia, de 10 corredores e 15
remadores de rendimento, verificaram boas correlagdes apenas entre o VO;,4 € 0 LA quando
este foi determinado exclusivamente pela ventilagdo, independente da utilizagcdo de expoentes
alométricos especificos (0,67; 0,73; 0,75) e da massa corporal magra na normalizagdo da MC.
Os autores concluiram que a normalizagdo alométrica pode ser adotada em estudos de
variaveis fisiolégicas quando estas forem determinadas a partir de comportamentos
ventilatdrios. A tabela 2 apresenta os expoentes alométricos especificos advindos da relagdo
entre TMM e MC dos corredores e remadores, bem como de outros mamiferos menores, estes

citados por Barbosa (2007).

Tabela 2. Expoentes alométricos resultantes de relagdes entre TMM e MC de diversos estudos.

Expoente Grupo Intervalo de MC Referéncias

0,772 12 mamiferos marsupiais 15,3 g- 2,03 kg (HINDS et al., 1993)
0,789 19 mamiferos theria 15,3g-2,03 kg (HINDS et al., 1993)

0,882 9 mamiferos marsupiais 16,7 g-4,84 kg (HINDS et al., 1993)
0,880 9 mamiferos e 6 aves 5,0 g-500,0 kg (BISHOP, 1999)

0,828 21 mamiferos 2,4g-3,67ton. (SAVAGE et al., 2004)
0,872 34 mamiferos 7,4 g - 500,0 kg (WEIBEL et al., 2004)
0,991 10 corredores 52,4-71,0kg (TARTARUGA et al., 2010)
0,690 15 remadores 76,3 -90,7 kg (TARTARUGA et al., 2010)

Nota: taxa metabdlica maxima (TMM), massa corporal (MC).
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Utilizando a mesma amostra do estudo citado anteriormente, agora determinando o b
especifico de cada grupo, Tartaruga et al. (2010) verificaram valores correspondentes a 0,99
para corredores e de 0,69 para remadores. Eles justificaram a diferenca ao percentual de
gordura corporal (11,9% e 13,6%, respectivamente). Além disso, a predicdo do desempenho
em ambos os grupos foi alterada sem e com a utilizagdo do b, permitindo afirmar que a escala
alométrica pode ser uma boa alternativa, também, na comparagdo do condicionamento fisico
de atletas de diferentes modalidades esportivas.

2.1.3. TAXA METABOLICA NA LOCOMOGAO

A TM durante exercicio submaximo também pode ser predita alometricamente (SUAREZ et
al., 2004). Na locomogao terrestre, o trabalho muscular desenvolvido por passo escala com a
MC, enquanto que o nimero de passos por unidade de distancia é inversamente proporcional
a MC™. lIsso pode ser verificado em estudos analisando corridas de animais bipedes e
quadrupedes (SCHMIDT-NIELSEN, 1975). E importante perceber que a TM, predita
alometricamente, aparentemente independe do substrato energético utilizado durante a
locomogdo, o que justifica o desenvolvimento de mais estudos investigando a referida
predicao com base em outras varidveis independentes diferentes das propostas por West et al.
(1997; 1999) e Banavar et al. (1999).

Da mesma forma, tém se verificado que a frequéncia de nado de peixes, em velocidade
6tima, diminui com o aumento da MC, assim como o custo de transporte (Cyansp), Calculado em
ml.kg".m™ (VIDELER e WEIHS, 1982). Em contrapartida, outros autores tem demostrado que a
velocidade relativa, expressa com base no tamanho corporal por unidade de tempo, é
tamanho-independente em animais aqudticos (SUAREZ et al., 2004), contrario a animais
bipedes terrestres, nos quais o nimero de Froude (NF) tem sido utilizado como forma de
relativizacdo da velocidade de locomogdo pelo tamanho corporal (VAUGHAN e O'MALLEY,
2005). A velocidade de locomocgdo, a aceleragdo da gravidade e o comprimento de membro
inferior sdo representados na férmula do NF (Equacgdo 5) por v, g e L, respectivamente.

=77 (5)

Embora a MC, principalmente magra, se correlacione com a capacidade aerdbia, a maioria
dos estudos mostra que para atividades submdximas, como a marcha, a massa corporal total
se correlaciona mais com o consumo de oxigénio do que com o tamanho corporal (MILLER e
BLYTH, 1955).

Datta et al. (1973) verificaram que era a MC de pessoas suportando cargas de 0 a 50 kg na
cabeca que se correlacionava melhor com o consumo de oxigénio, desde que essa carga nao
fosse excessiva ou transportada em uma posi¢cdo incobmoda. Goldman e Lampietro (1962),
mensurando o consumo de oxigénio de cinco pessoas utilizando diferentes combinag¢des de
velocidades de esteira, de inclinagdao e de cargas nas costas, observaram que, para uma dada
velocidade e inclinagdo, o consumo de oxigénio por unidade de MC era semelhante. Robertson
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et al. (1982) confirmaram que isso ocorria também com o transporte de cargas de até 15% da
MC.

Turell et al. (1964) e Bloom et al. (1965) compararam o consumo de oxigénio durante a
marcha de pessoas magras e obesas. Embora o consumo de oxigénio absoluto tenha sido
maior em pessoas obesas, a relativizagdo pela MC forneceu um resultado semelhante. Por
outro lado, Myo et al. (1985) observaram que a previsdo baseada na MC com cargas no tronco
superestimava o consumo de oxigénio. O custo metabdlico (Cn,t) de cargas aplicadas ao tronco
com a pessoa parada de pé é praticamente zero. O valor da energia total (E) para ficar
parado é de aproximadamente 22 cal.kg™.min™. Em um experimento com um homem jovem
com MC de 64 kg, verificou-se que o valor de Eiy para ficar parado de pé ndo se alterou de
forma mensuravel com 20 kg distribuidos de maneira uniforme em torno do tronco.

De forma geral, os estudos investigando a TM e/ou o consumo de oxigénio na locomogao
sdao bem diversificados em seus achados. No entanto, independente das varidveis investigadas
para a predi¢dao da TM ou do consumo de oxigénio, todos os estudos destacam a importancia
da alometria na predicdo dos valores das respectivas varidveis durante a locomogao,
principalmente quando investigadas as relagdes da MC e do consumo submaximo de oxigénio
(VOisubmax) cOm a TM.

2.2. MECANICA E ENERGETICA DA LOCOMOCAO

A locomogado tem sido objeto de estudo devido a sua importancia na evolugao. Desde as
primeiras células vivas até os animais mais complexos, como os seres humanos, todos usaram
a locomocgao para se deslocar pelo mundo fugindo de desastres naturais, predadores ou em
busca de alimentos e dgua. Assim muitas espécies sobreviveram e evoluiram formando o
mundo dos seres vivos como conhecemos hoje (MCMAHON, 1975).

Estudos, tanto em animais como em humanos, buscam incansavelmente decifrar os
mecanismos da locomog¢ao, como o corpo se comporta e como responde a variagdes da tarefa,
por exemplo, durante a marcha. Diversos pesquisadores, como Cavagna et al. (1963; 1964),
publicaram estudos referente a locomogdo, fundamentando as principais pesquisas nos dias
de hoje. Em um primeiro momento sistematizaram a locomo¢dao como um mecanismo de
péndulo invertido; em seguida descreveram o comportamento do CM, e do CM; com o
conceito fisico de que o Wy corresponde a variagdo de energia, considerando que a posi¢ao
dos mesmos varia ao longo do passo.

Em um terceiro momento, apds descreverem o comportamento do trabalho mecanico por
meio de referéncias “externas”, o que foi denominado de W, Cavagna et al. (1977)
integraram na locomogdo o conceito de Ef, sendo esta a capacidade de produzir Wy, com o
menor Cnet possivel. O W;,;, derivado do teorema da energia cinética total de um sistema
(teorema de Koéning), ja havia sido descrito por Fenn, em 1930, e formalizado por Cavagna e
Kaneko (1977). Entretanto, somente mais tarde sua relagdo com o W, foi preconizada
(WILLEMS et al., 1995). Mas a grande associagdo proposta pelos trabalhos citados
anteriormente é de que o Wy, calculado com base no comportamento do CM. e do CM; de
cada segmento corporal é resultante de fendmenos fisioldgicos e mecanicos corporais.



Allometry and performance in distance runners 16

A partir disso, passou-se a investigar o comportamento do CM. e do CM; de cada segmento
corporal de animais de varias espécies e de seres humanos, em diferentes condi¢des de tarefa,
como por exemplo, em diferentes velocidades, em diferentes inclinacdes e em diferentes
ambientes (MINETTI et al., 1993; 1994). Da mesma forma, estudos foram desenvolvidos com o
objetivo de calcular o W, através da predicdo matematica do Wi,; € Wex (CAVAGNA et al.,
1991; MINETTI, 1998; NARDELLO et al.,, 2011) buscando-se, assim, entender melhor o
funcionamento das estruturas internas como musculos, tenddes e articulagdes, bem como os
fenbmenos que envolvem a contragdo muscular e as alteragdes metabdlicas durante a
locomogao.

2.2.1. A VARIAGAO DE ENERGIA

Estudos com seres humanos e animais propdem que a caminhada se da através do
mecanismo do péndulo invertido, quando os membros atuam de forma simultanea e oposta
(CAVAGNA et al., 1977; GRIFFIN et al., 2004). Durante esse processo o CM, se desloca e ha
trocas constantes de energia. A energia potencial gravitacional (EPG) e a energia cinética (EC)
comportam-se de forma inversa (CAVAGNA et al., 1977).

Para quadrupedes, esse mecanismo se parece mais com dois péndulos invertidos: um deles
nos membros anteriores e outro nos membros posteriores. No entanto, esse mecanismo ainda
nao estd muito bem esclarecido, pois, aparentemente, as energias ndao variam como nos
bipedes e, por existirem quatro apoios e ndo somente dois, ha maior balango do CM. durante
a locomogdo em quadripedes (GRIFFIN et al., 2004). Lee et al. (2008) citam ainda a
possibilidade de contatos simultaneos e assimetrias de membros individuais durante a
locomogao podendo nao ser o duplo péndulo o melhor modelo para explicar esta locomocgao.

As variagOes de energias podem estar relacionadas ao W, realizado durante a locomog¢ao
(CAVAGNA et al., 1963; CAVAGNA e MARGARIA, 1966; CAVAGNA et al., 1977). Assim, se
medida a variagdo da posi¢dao do CM. no lado direito e no lado esquerdo, teremos curvas que
representam a EPG e a EC do corpo em questdo, sendo a variagdo destas 0 We,. Pode-se ainda
verificar as variagdes dos centros de massas segmentares durante o movimento em relagdo ao
CM,, o que representa o comportamento do W;,; de cada segmento corporal, resultante, na
sua grande maioria, da contragdo de varios grupos musculares, da forga passiva dos tecidos, da
energia metabdlica despendida, enfim, de todos os processos que acontecem no organismo e
que resultam no deslocamento do corpo (CAVAGNA et al., 1977, WILLEMS et al., 1995;
GRIFFIN et al., 2004).

Estudos sobre a locomogdo de diversos animais, em especial pdssaros, mamiferos bipedes e
quadrupedes, revelam que o CM, atinge uma maior amplitude de deslocamento vertical
quando a marcha é desenvolvida em velocidades lentas a moderadas, o que resulta na
suposicao de que durante a locomogdo a velocidade de deslocamento influencia no
comportamento do CM, e, consequentemente, no W, €, logo, no Wy, (CAVAGNA et al., 1976;
HEGLUND et al., 1982; MINETTI et al., 1999).

Heglund et al. (1982) relacionando as energias advindas da movimentag¢do de cada CM; e
do CM, verificaram que a Ey,; de um animal é resultante, em qualquer instante da marcha, da
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soma da EPG, da EC e da energia potencial elastica (EPE), assumindo, no entanto, que a soma
dessas energia ocorre apenas se nao houver transferéncias de energia entre os membros
corporais. Além disso, o trabalho dos musculos antagonistas que atuam para frear ou
estabilizar o movimento é descartado por ser pequeno em relagdo a Ey: (HEGLUND et al.,
1982).

Apds o conhecimento das variagdes de energia, passou-se a investigar as causas dessas
variacGes, como por exemplo, as contragdes musculares e o armazenamento de energia. Ao
descrever as variagdes de energia como compostas por trabalhos mecanicos positivos e
negativos, passou-se a relacionar o trabalho mecanico positivo com a contragao concéntrica —
dependente unicamente da energia metabdlica — e o trabalho mecanico negativo com a
contragdo excéntrica — colaboragdo das estruturas eldsticas (CAVAGNA et al., 1963; CAVAGNA
et al., 1968). A partir dessa observagdo passou-se a considerar que os mecanismos eldsticos
(aquelas que oferecem resisténcia mecanica ao alongamento sem custo energético — forcga
passiva) da estrutura musculo-tendinosa dos membros inferiores sdo importantes na
determinagdo do Ciansp, correspondente ao dispéndio de oxigénio advindo dos musculos em
funcdo da distancia percorrida normalizada pela MC (CAVAGNA, 2010).

Estudos sobre os efeitos da MC no Ciansp tém demonstrado que durante a locomogao a
demanda metabdlica aumenta linearmente com a MC (ABE et al., 2008), diferente do aumento
curvilineo que ocorre com o aumento da velocidade de deslocamento, independente da MC
(BASTIEN, 2005). Especificamente na corrida, Kram e Taylor (1990) estudaram em cinco
espécies de mamiferos e propuseram trés equa¢des com o objetivo de predizer o Ciransp
durante a corrida. Segundo os autores, o gasto energético esta relacionado a um custo para
manter o peso corporal durante o tempo disponivel para geragao de forga. Esse tempo para
gerar forga estaria associado ao tempo de aplicagdo do passo no solo. Eles afirmaram que a
maior parte da for¢a produzida pelos musculos é uma agdo em oposicdo a gravidade. Além
disso, o volume muscular ativo produziria a mesma quantidade de for¢ca sem considerar a
velocidade, ou o tamanho do animal. Por fim, os musculos trabalhariam de forma similar a
relacdo forga-velocidade, sem considerar a velocidade da corrida e o tamanho do animal.

Baseado nesse ultimo pressuposto, afirmou-se que animais menores requerem fibras mais
rapidas em altas velocidades, pois eles possuem um menor comprimento de membros
inferiores. Assim, os tempos para aplicagdo de forca também diminuiriam. Os autores
concluiram que a hipdtese estava certa, visto que seus resultados mostraram que o consumo
de energia metabdlica é influenciado pelo tempo para aplicacdo de forca e o custo para
suportar o peso corporal em mamiferos abrangendo entre 30g a 140kg.

2.2.2. O TRABALHO MECANICO

A analise do movimento corporal durante a locomog¢ao tem despertado o interesse de
diversos pesquisadores da area, principalmente no que se refere ao estudo da mecanica da
locomog¢do humana e ao calculo do trabalho mecanico desenvolvido (WILLIAMS e CAVANAGH,
1983). Particularmente, o Wy, tem sido tradicionalmente determinado através da soma do
Wyt € do Wi, (CAVAGNA e KANEKO, 1977; SAIBENE e MINETTI, 2003).
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O W, correspondente ao trabalho necessario para elevar e acelerar o CM, em relagdo ao
meio externo (SAIBENE e MINETTI, 2003), tem sido investigado em diferentes condigdes e
populagdes (CAVAGNA et al., 1983; MINETTI et al., 1993; SCHEPENS et al., 2001; SAIBENE e
MINETTI, 2003). Este tem sido calculado com base no comportamento da E,,; em fun¢do do
tempo, de acordo com a Equagdo 6 (CAVAGNA et al., 1976; WILLEMS et al., 1995; SAIBENE e
MINETTI, 2003), através de procedimentos cinematicos, dinamometria e/ou dindmica inversa.

Evot = EPE + EC (6)

J4 os movimentos reciprocos dos segmentos do corpo que ndo afetam a trajetdria do CM,
(CAVAGNA et al., 1964; MINETTI, 1998) sdo, em grande parte, provocados por forgas internas
do corpo. Consequentemente, o trabalho associado com as mudangas de energia interna
corresponde ao W,y (WILLEMS et al., 1995; MINETTI, 1998; MINETTI et al., 1999). O mesmo
pode ser calculado através de procedimentos cinematicos e com base em parametros
antropométricos de cada segmento corporal (SCHEPENS et al., 2001).

Historicamente, o conceito de W;,; foi introduzido por Fenn, em 1930, para corridas em
altas velocidades (CAVAGNA et al., 1964) e reformulado por Cavagna e Kaneko (1977). O Wi,
derivado do teorema de Koning, referente a E;,; de um sistema, diz que a EC de um sistema de
particulas corresponde a EC associada ao movimento do centro de massa do sistema e a EC
associada ao movimento do CM de cada particula do sistema em relagdo ao CM geral
(CAVAGNA e FRANZETTI, 1986). Portanto, em um sistema multi-segmentar, a energia cinética
total pode ser dividida em dois diferentes componentes: o primeiro referente ao
comportamento do CM, em relacdo ao meio ambiente (W) e o segundo referente ao
comportamento de cada CM; em relagdo ao CM. (W;.). Consequentemente, o interesse da
biomecanica no W;,; reside na capacidade de considerar a acelera¢do de cada segmento, como
ocorre na locomogdo humana (caminhada e corrida, particularmente), quando os membros
sdo movimentados quase que simetricamente em relagdo ao CM. (MINETTI et al., 1993;
MINETTI, 1998).

Para o W, somente a EC se faz necessdria, pois ela é influenciada diretamente pela
velocidade com que os membros executam o movimento em relagdo ao CM.. J4 0 We,: é 0
resultado da soma entre EC e EPG, quando a altura em que se encontra o centro de gravidade,
associado a sua velocidade de deslocamento durante um ciclo de passada, sao varidveis que
influenciam no comportamento do W, (HEGLUND e TAYLOR, 1988). De acordo com Ferris et
al. (1998) e Saibene e Minetti (2003), o comportamento das energias (EC e EPG) ocorrem de
forma simultanea durante a locomogao, entretanto, de maneira distinta quando comparado a
caminhada com a corrida.

Dessa forma, o W,y pode ser determinado pela soma dos trabalhos internos e externos,
conforme a Equagdo 7.

Wit = Wing + Wex (7)
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A corrida é caracterizada como uma série de impactos contra o solo (bouncing). Durante a
primeira metade da fase de contato do pé com o solo, parte da Eiy é transformada em EPE
através do alongamento de tenddes e tecidos conjuntivos (elementos nado-contrateis)
(CAVAGNA, 2010). Esta primeira parte é representada pelos valores negativos da forga de
rea¢do do solo anteroposterior. J3 na segunda metade da fase de contato, essa for¢a passa a
apresentar valores positivos, quando parte da energia armazenada na primeira fase é
transferida ao sistema através do encurtamento do tenddo (SAIBENE e MINETTI, 2003). Esse
comportamento de reutilizacgdo de energia mecanica através do armazenamento da EPE
(bouncing) é peculiar durante a corrida, trote e saltos (CAVAGNA et al., 1964).

Em relagdo as varidveis comprimento e frequéncia de passada, maiores velocidades de
corrida resultam em aumento da frequéncia de passada e aumento e/ou manutenc¢do do
comprimento de passada para um mesmo sujeito, pois grandes velocidades requerem maiores
poténcias mecanicas para manutengdo da movimentag¢do do CM. (Figura 5) (NUMMELA et al.,
2007). Com o aumento da velocidade, ocorre uma diminuicdo da amplitude vertical do CM,
devido a uma diminuicdo do impulso vertical e um aumento da frequéncia de passada devido
ao aumento da poténcia mecanica para acelerar os membros em relagdo ao CM.. Assim, é
possivel manter o mesmo trabalho mecanico por mais tempo como forma de minimizagdo de
energia (CAVAGNA et al., 1988).
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Figura 5 — Respostas do comprimento (circulos pretos) e da frequéncia (circulos brancos) de
passada decorrentes do aumento da velocidade de corrida (NUMMELA et al., 2007).

Portanto, o W, realizado durante a locomogao, subdividido em W;,; e We,, sofre forte
influéncia do comprimento e da frequéncia de passada durante a marcha. Uma forma de
otimizar o Wy consiste na diminui¢cdo da frequéncia de passada e com isso, também no Wiy,
sem que ocorra queda na velocidade durante a corrida. Para isso, torna-se necessdrio o
aumento do comprimento de passada (TARTARUGA et al., 2003; TARTARUGA et al., 2004;
CAVAGNA et al.,, 2008). Dessa forma, varidveis mecanicas tém ganhado destaque por
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demonstrarem relagdo com a minimizacdo de energia durante a locomogdo (KYROLAINEN et
al., 2001; CAVAGNA et al., 2008).

2.2.3. AEFICIENCIA MECANICA

Durante a locomogdo o corpo esta sujeito a trocas de energias. No entanto, essas trocas
acontecem de forma equilibrada, sendo a soma da EC com a EPG um valor muito préximo de
zero durante o passo (MARGARIA, 1968; CAVAGNA et al., 1977). Especificamente é produzido
trabalho mecanico positivo e, em seguida, a mesma quantidade de trabalho mecanico
negativo (MARGARIA, 1968).

A Ef, entendida como a capacidade de produzir trabalho com pouca energia metabdlica ou
trabalho metabdlico, é representada pela razao entre as energias mecanica e metabdlica
(Equacdo 8). Segundo Margaria (1968), ao caminhar no plano os trabalhos mecanicos positivos
e negativos se equivalem durante um ciclo da marcha. Quando uma quantidade igual de
trabalho mecanico positivo e negativo é desenvolvida, a Ef é de aproximadamente 0,3 ou 30 %.

Ef= Wtot'Wme{1 (8)

Vdrios sdo os fatores que influenciam a Ef. A velocidade de locomogado, o tamanho corporal
e a inclinagdo do terreno sdo alguns deles. Segundo Heglund et al. (1982) a Ef aumenta com o
aumento da velocidade e atinge comportamento préximo a um platé em animais de pequeno
porte. A velocidade de inicio do platé é muito préxima a velocidade 6tima de locomogao, o
que segundo Wickler et al. (2000), é determinada por caracteristicas musculoesqueléticas
especificas que podem resultar em um menor C,, consequentemente uma melhor Ef para
uma mesma velocidade. Wickler et al. (2000) também apresentam resultados que indicam
relagdo positiva entre a velocidade 6tima e Ciansp, Sendo que em aclive, quando o Ciransp €
maior, a velocidade étima passa a ser mais baixa. Resultados de Minetti et al. (1995) reforgcam
essa idéia demonstrando que os humanos escolhnem uma frequéncia de passada que minimiza
0 Wit € 0 Wey, diminuindo a energia metabdlica. A Figura 6 apresenta dados de Ef em relagao
a velocidades de animais e seres humanos.

De acordo com Heglund et al. (1982) animais de pequeno porte gastam mais energia
metabdlica em menores velocidades. J4 animais de médio-grande porte gastam menos energia
metabdlica e chegam a maiores velocidades, principalmente, devido ao tamanho corporal. O
comportamento da Ey; sSe mantém. Animais maiores alcangam maiores velocidades, mas a Ey
é semelhante em todos os animais, considerando a MC de cada um.

Essa caracteristica pode ser explicada por Close (1972) que afirma que a capacidade de
producdo de for¢a diminui com o aumento da velocidade, conforme a curva classica de forga-
velocidade de Hill (1938). Assim, torna-se necessario o recrutamento de fibras musculares com
mais ciclos acoplamento/desacoplamento de actina e miosina, pontes cruzadas em maior
quantidade e mais rapidas e, consequentemente, mais consumo de energia metabdlica.
Musculos equivalentes apresentam pontes cruzadas mais eficientes em animais menores
quando comparados a animais maiores (CLOSE, 1972).
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Figura 6 — Valores de Ef em relagdo a velocidades médias de
locomocgdo para: a) codornas (43 g); b) gambas (£107 g); c)
cachorros (+5 kg); d) perus (6,4 kg); e) humanos (x70 kg)
(HEGLUND et al., 1982).

Diversos estudos tém demonstrado que a Ef durante a locomog¢do aumenta com o tamanho
corporal e a velocidade. No entanto, essas observagdes ndo tém sido confirmadas em estudos
investigando isoladamente determinados grupos musculares (HILL, 1938). Tém-se verificado,
de forma global, que a Ef em seres humanos, cangurus e pOneis é de aproximadamente 70%
(CAVAGNA et al., 1977; HEGLUND et al., 1982; TAYLOR, 1985). Ja em musculos isolados, o valor
é de aproximadamente 25% (HILL, 1938). Essas diferencas podem estar relacionadas a
capacidade de armazenamento de EPE de cada musculo envolvido durante a locomogao.

Rome et al. (1990) demonstraram que a velocidade maxima de encurtamento de fibras
musculares oxidativas de mamiferos é proporcional a MC®'. Este valor exponencial é
semelhante a relacdo entre frequéncia de passada e MC®*® (HEGLUND e TAYLOR, 1988), o que
demonstra que a eficiéncia muscular pode ser semelhante entre pequenos e grande animais.
Da mesma forma, Kram e Taylor (1990) tém demonstrado que a velocidade maxima de
encurtamento de fibras musculares oxidativas pode estar relacionada diretamente a Ef na
locomocgao. Estes observaram a existéncia de uma relagdo inversa entre velocidade maxima de
encurtamento de fibras musculares oxidativas e tempo de contato com o solo (fase de
suporte), demonstrando que grandes animais podem apresentar maiores Ef em decorréncia de
maiores tempos de contatos com o solo e menores frequéncias de passos.

Evidéncias substanciais indicam que a EPE é armazenada e liberada dos tecidos conectivos e
contrateis durante a locomog¢do (ALEXANDER, 1991). Além de grandes animais armazenarem
mais EPE que pequenos animais, eles apresentam uma maior capacidade de utilizacao dessa
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energia para a locomogado, o que os torna mais eficientes. Entretanto, em espécies de animais
muito grandes, essa capacidade de utilizagdo da EPE pode ser parcialmente restrita a fatores
de seguranca de 0ssos e articulagdes decorrentes do tamanho, resultando em uma diminuigdo
da velocidade maxima de corrida, sobretudo, em animais acima de 50 kg (BIEWENER, 1989).

2.3. INTENSIDADE E VELOCIDADE NA LOCOMOGAO

O tamanho corporal afeta praticamente todas as fung¢des fisioldgicas dificultando a
compara¢do do desempenho de animais e seres humanos (JONES e LINDSTEDT, 1993;
TARTARUGA et al., 2008; TARTARUGA et al., 2009; TARTARUGA et al., 2010). Esta dificuldade é
ilustrada na Figura 7 que mostra a maxima velocidade de corrida de 148 espécies de
mamiferos de diferentes tamanhos, plotada semi-logaritmicamente em fung¢do da MC. A figura
7a mostra a velocidade absoluta, em m.s?, e a figura 7b, a velocidade relativa a quantidade de
massa corporal (Qqc) (JONES e LINDSTEDT, 1993), determinado pela Equagdo 9:
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Figura 7 — Velocidades maximas (circulos pretos) de 148 espécies de mamiferos plotadas em
funcdo do logaritmo natural da MC. As linhas tracejadas representam as velocidades que
mamiferos de diferentes tamanhos corporais deveriam desenvolver para obterem o mesmo
desempenho que uma pessoa de 70 kg. Triangulos abertos representam a maxima velocidade
aerdbia de 45 espécies de animais (JONES e LINDSTEDT, 1993).
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Comparando-se a locomogao de uma chita de 55 kg e de um rato de 35 g percebe-se que a
velocidade maxima de deslocamento de ambos os animais modifica-se em decorréncia da
forma de expressdo da velocidade (absoluta ou relativa ao CM), demonstrando a importancia
do tamanho corporal na comparag¢dao do desempenho intra e interespécies.

Na pratica esportiva, estudos tém verificado a necessidade de utilizar valores diferentes
como expoentes para a determinag¢ao do percentual a ser considerado da MC. Estes valores
seriam especificos para diferentes esportes (JENSEN et al., 2001) e populagdes (GOOSEY-
TOLFREY et al., 2003). Neste ambito, Saltin e Astrand (1967) afirmam que a relagdo entre
VO,mix€ MC é utilizada devido a forma de deslocamento da MC.

Jensen et al. (2001), analisando a relagdo entre VO,ns € MC de 967 atletas,
correspondentes a 25 modalidades esportivas, encontraram diferentes valores de expoentes
alométricos para cada modalidade esportiva analisada. Apds, foi calculado um b médio
aproximado de 0,73 para todas as modalidades, o que permitiu a criagdo de um ranking de
capacidade aerdbia que foi liderado pelo ciclistas e corredores de longa distancia.

A mesma anadlise pode ser feita em estudos de economia de movimento, como o estudo de
Tartaruga et al. (2010), aonde foi verificado que a aplicagdo da escala alométrica permite que
as caracteristicas pessoais influenciem na predicdo desempenho fisico, neste caso, de
remadores de rendimento (Tabela 3).

Tabela 3. Valores de VO,5,pmax de 15 remadores de rendimento reportados tradicionalmente e
alometricamente (TARTARUGA et al. 2010).

REMO
VOsqumsx (Mlkg 'min™) VOsgumsx (MIkg ** 'min™)
Remador 1 36,54 Remador 1 146,49
Remador 2 37,18 Remador 3* 147,41
Remador 3 37,61 Remador 4* 149,78
Remador 4 37,76 Remador 2* 150,71
Remador 5 38,48 Remador 5 152,76
Remador 6 39,07 Remador 7* 153,29
Remador 7 39,96 Remador 6* 154,42
Remador 8 40,44 Remador 8 157,32
Remador 9 40,92 Remador 10* 160,94
Remador 10 41,17 Remador 15* 162,57
Remador 11 42,09 Remador 14* 163,60
Remador 12 42,32 Remador 13* 163,68
Remador 13 42,60 Remador 12* 164,51
Remador 14 42,80 Remador 9% 170,30
Remador 15 42,91 Remador 11%* 172,78

A Figura 8 mostra a plotagem logaritmica de velocidades médias em fungdo de tempos de
duracdo de corridas de curtas, médias e longas distancias de seres-humanos, cachorros e
cavalos, onde o angulo de inclinagao das retas representa o metabolismo aerdbio de cada uma
das espécies (JONES e LINDSTEDT, 1993).

No entanto, a velocidade méaxima de corrida ndo é a Unica varidvel relacionada ao maximo
desempenho fisico, que pode ser definido como sendo a habilidade de manter uma maxima
poténcia durante um periodo mdximo de tempo. Os mecanismos fisioldgicos que limitam a
poténcia durante o exercicio de alta intensidade e longa duragdo sdo similares entre as
diferentes espécies de mamiferos. Esses mecanismos estdo relacionados a duragdo da



Allometry and performance in distance runners 24

atividade fisica, ao recrutamento de fibras musculares, as concentracdes de dacido latico,
glicogénio muscular e hepatico (JONES e LINDSTEDT, 1993).
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Figura 8 — Plotagem logaritmica da velocidade média em fung¢ao do tempo de corrida para
diferentes distancias de humanos (quadrados), cachorros (circulos) e cavalos (tridangulos).
Linhas  tracejadas escuras relacionam-se a poténcias metabdlicas advindas
predominantemente do metabolismo aerdbio de longas distancias de corrida e linhas
tracejadas claras relacionam-se a poténcias metabdlicas advindas predominantemente do
metabolismo anaerdbio de curtas distancias de corrida (JONES e LINDSTEDT, 1993).

Percebe-se, pelas inclinagdes das retas, que quanto maior a duragao do exercicio, menor é
o metabolismo absoluto. Da mesma forma, percebe-se que o metabolismo, principalmente
entre seres-humanos e cavalos, é semelhante. J4 os g das equagdes das retas representam as
velocidades maximas preditas que correspondem aos picos de for¢ca que cada uma das
espécies investigadas podem produzir em um pequeno intervalo de tempo (proximo de 1 s) ou
ao periodo de um ciclo acto-miosinico predito por MC>** (LINDSTEDT et al., 1985).

A capacidade aerdbia pode ser avaliada em termos absolutos, como a velocidade que um
animal pode manter em um determinado periodo de tempo, ou em termos relativos, como a
relagdo entre velocidade média e desempenho. Como 0 Cinsp € predito com a mc?°? (TAYLOR
et al., 1970; TAYLOR e HEGLUND, 1982), parece que o Cyet € maior em pequenos animais, e
que esse custo é influenciado pela maxima velocidade de locomogao.

2.4. VARIAVEIS DETERMINANTES DO DESEMPENHO LOCOMOTOR
O desempenho locomotor tem sido relacionado com a quantidade de forga e a poténcia

mecanica que um animal pode gerar e sustentar. Estas varidveis estao relacionadas,
principalmente, aos mecanismos mecanicos e energéticos musculares, ao comportamento de
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variaveis biomecanicas da corrida (principalmente o comprimento e frequéncia de passada) e
ao custo energético da locomogdo (JONES e LINDSTEDT, 1993).

A forca muscular de animais vertebrados é advinda, principalmente, das estruturas
contrateis (interagdo actina e miosina). Hill (1950) verificou que o trabalho muscular realizado
a cada contragdo pode ser constante em todos os musculos de mamiferos,
consequentemente, todos os mamiferos poderiam ser capazes de desenvolverem a mesma
velocidade de corrida.

Em relagdo ao comprimento e a frequéncia de passada, varidveis influenciadoras da
velocidade, diversos estudos tém sido desenvolvidos na busca de uma melhor compreensao da
influéncia destas no Wy, e na relagdo com a MC (HOGBERG, 1952; HEGLUND e TAYLOR, 1988;
MINETTI et al., 1995). Jones e Lindstedt (1993) (Figura 7b) tém verificado que a velocidade
maxima de mamiferos, quando relativizada com o tamanho corporal, possui uma relagao
alométrica com a massa MC, e que mamiferos com massas corporais préximas de 50 kg
tendem a apresentarem deslocamentos mais rapidos. Schmidt-Nielsen (1975) verificou que se
mamiferos de diferentes tamanhos possuirem comprimentos de passadas geometricamente
similares, as velocidades maximas apresentardo fortes relagdes com os valores de MC**°.
Entretanto, mamiferos ndo possuem comprimentos de passadas geometricamente similares
devido as amplitudes articulares pois, grandes mamiferos apresentam baixas amplitudes
angulares em suas articulagbes em comparagdo a pequenos animais (MCMAHON, 1975;
BIEWENER, 1989). Contudo, este padrdo geral de dependéncia de tamanho é muito variado.
Os membros de velozes corredores, como por exemplo o leopardo, movimenta-se através de
grandes amplitudes angulares articulares em comparacdo da predicdo em fun¢do de seu
tamanho corporal. A razdo da velocidade maxima de corrida diminuir com o aumento da MC
acima de 50 kg pode estar relacionada a postura e as mudangas na marcha que ocorrem para
uma maior prevencdo de lesGes ao nivel dsseo, muscular e de tenddo (BIEWENER, 1982 e
1989), demonstrando que a compreensdo do comprimento e da frequéncia de passada sdo
primordiais na busca de um melhor entendimento do desempenho locomotor (JONES e
LINDSTEDT, 1993).

Por fim, Taylor e colaboradores (TAYLOR et al., 1980; HEGLUND et al., 1982; TAYLOR et al.,
1982; TAYLOR, 1985; HEGLUND e TAYLOR, 1988), investigando a relagdo entre MC, Cy; €
trabalho muscular durante a corrida, verificaram que o C.e na corrida é diretamente
proporcional a velocidade e a MC®?, 0 que permite concluir que o custo energético por passo
(ou passada) por kg pode sofrer influéncia da MC, diretamente relacionada ao tamanho
corporal, para marchas similares, aumentando com o aumento da velocidade de corrida.

2.5. CAPACIDADE AEROBICA

Tem sido amplamente reconhecido que o tamanho corporal, principalmente a MC, e o
metabolismo basal sdo alometricamente relacionados, ou seja, a TMB possui forte relagdo com
MC®’. Da mesma forma, a relagdo exponencial entre a TMM e a MC também tem sido
reportada em estudos realizados com mamiferos (JONES e LINDSTEDT, 1993).



Allometry and performance in distance runners 26

De acordo com Powers e Howley (2012), a capacidade aerdbica consiste na capacidade que
um organismo tem de captar, transportar e utilizar o oxigénico para produgdo de energia
muscular. Sabe-se que quanto maior a MC envolvida no movimento maior serd o VO;msx.

Atualmente, é comum relativizar o consumo de oxigénio pela MC total. No entanto, O
tamanho corporal, principalmente a MC, afeta praticamente todas as fungdes fisioldgicas
dificultando a comparacdo do desempenho de animais e seres humanos (JONES e LINDSTEDT,
1993; TARTARUGA et al., 2008; TARTARUGA et al., 2009; TARTARUGA et al., 2010). Um
exemplo pode ser verificado na Figura 9, que demonstra a relagdo logaritmica linear entre
VO;max @ massa e MCdas mesmas 37 espécies de mamiferos.

De forma geral, pequenos mamiferos possuem grandes capacidades aerdbias especificas do
que grandes animais mamiferos. Entretanto, animais com menos de 50 kg de MC podem
apresentar capacidades aerdbias especificas quatro vezes mais do que a prevista para seus
tamanhos. Da mesma forma, animais com aproximadamente 50 kg de MC podem apresentar
trés vezes menos capacidades aerdbias especificas que a prevista. Isso demonstra que o
tamanho corporal possui um papel importante na capacidade aerdbia maxima de animais

mamiferos e que mais estudos devem ser desenvolvidos para um maior detalhamento no
assunto.
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2.6. CAPACIDADE ANAEROBICA

A especificidade do exercicio fisico é, possivelmente, um dos principios mais utilizados na
planificacdo do treinamento esportivo, e o estabelecimento do perfil bioenergético das
modalidades esportivas esta entre as principais formas de caracterizagdo da solicitagao
metabdlica imposta por essas tarefas. Acredita-se que, durante o exercicio ciclico e de alta
intensidade, o metabolismo aerdbio exerce a sua predominancia a partir do trigésimo segundo
(SPENCER e GASTIN, 2001), logo o consumo de oxigénio pode ser utilizado como marcador
desse sistema bioenergético.

Por outro lado, nos instantes iniciais do exercicio de alta intensidade e curta duragdo, a
sustentagdo dos processos que requerem energia durante a contragdo muscular ocorre
preferencialmente por vias que ndao necessitam de oxigénio, denominadas de metabolismo
anaerdbio. O metabolismo anaerdbio, por sua vez, é subdividido nos componentes aldtico e
l[atico, os quais se referem respectivamente a hidrélise dos estoques dos fosfatos de alta
energia (ATP e fosfato de creatina - CP) e a degradagdo parcial da glicose, que resulta na
formacdo de lactato (GASTIN, 2001). Logo, ao se analisar a relacdo entre o tempo e a
intensidade dos exercicios, supde-se que a capacidade anaerdbia, a qual pode ser definida
como a quantidade total de energia transferida pelos metabolismos anaerdbios durante a
execuc¢do de um exercicio de alta intensidade (GASTIN e LAWSON, 1994), desempenha papel
fundamental em algumas tarefas continuas (SPENCER e GASTIN, 2001; DUFFIELD et al., 2004) e
intermitentes (SPRIET, 1992).

Por outro lado, diferentemente do metabolismo aerdbio, a mensuragdao da capacidade
anaerdbia é de dificil realizagao, devido a dificuldade de acesso aos marcadores fisioldgicos
e/ou mecanicos que melhor a representem. Esse fato implica diretamente na impossibilidade
de se estabelecer um teste-padrdo ouro e na baixa precisdo das técnicas atuais (GASTIN,
2001). Diversos instrumentos tém sido utilizados na tentativa de mensura-la, sendo os
principais o testes de forga-velocidade monoarticular, o salto vertical a subida em degraus, o
teste ergométrico e a analise da cinética do oxigénio nos instantes iniciais ou finais do esforgo
(GASTIN, 2001). No entanto, existe uma tendéncia de se conceituar o maximo déficit
acumulado de oxigénio (MAOD) como o método mais aceitavel para avaliagdo do metabolismo
anaerodbio (GREEN e DAWSON, 1993), sobretudo pela fundamentagdo tedrica que o envolve
(GASTIN e LAWSON, 1994).

2.6.1. MAXIMO DEFICIT DE OXIGENIO ACUMULADO

O Maéximo Déficit de Oxigénio Acumulado (MAOD), inicialmente proposto por Medbo et al.
(1988), vem sendo considerado uma medida bastante confidvel da capacidade anaerdbia
(SCOTT et al., 1991; GASTIN e LAWSON, 1994). A sua determinagdo consiste em estabelecer,
inicialmente, uma relagdo linear individual entre a demanda de oxigénio e a intensidade de
exercicio. Para isso, os autores propdem cargas submaximas que variam de 35 a 100% do
VOymax, Sendo necessdrias de 10 a 20 sessdes de cargas submaximas com duracdao de 10
minutos, com a demanda de oxigénio para cada intensidade de exercicio calculada como a
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média dos dois ultimos minutos de esforgo. O procedimento proposto para sua determinagdo
dificulta a sua aplicagcdo, mas os autores julgam ser necessarios varios esforgos, pois ocorre
uma consideravel variagdo interindividual de, aproximadamente, 16% na Ef (NAKAMURA e
FRANCHINI, 2006).

Posteriormente, para a quantificagdo do MAOD, s3ao propostas cargas retangulares supra-
maximas na faixa de 110 a 125% da velocidade no VO, que induzem a exaustao em torno de
dois a sete minutos de exercicio. As cargas menores que dois minutos ndo possibilitam a
manifestacdo completa do MAOD e as cargas maiores que dez minutos dependem
diretamente da motivagdo do atleta, podendo ocasionar erros significativos na medida. Assim,
estabelecendo a demanda de oxigénio acumulada em testes supra-maximos como o produto
da demanda de oxigénio e o tempo de exercicio realizado até a exaustdo, o MAOD é a
diferenca entre a demanda e o consumo de oxigénio acumulado no teste. Para melhor
detalhamento, ver Figura 10.
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Figura 10 — Exemplo grafico dos principios metodoldgicos empregados na determinagao do
Déficit Maximo Acumulado de O, (MEDBO et al., 1988).

Medbo et al. (1988) estabelece o procedimento que adota um valor de intercepto y igual
para todos os individuos, permitindo que seja realizada uma relagdo linear mais confidvel entre
demanda de oxigénio e intensidade de exercicio com um numero menor de cargas
submdximas, sendo elas préximas ao VOjni. Desta maneira, viabilizando uma maior
praticidade na aplicagdo do MAOD, com estimativas de capacidade anaerdbia préximas ao
modelo original. Outros autores (SCOTT et al., 1991; HILL, 1996; HILL et al., 2002), visando
melhorar a aplicabilidade do MAOD, desenvolveram metodologias alternativas (p. e.,
modificando o tempo de exercicio das intensidades submdximas e os percentuais de cargas)
para sua determinac¢do, sendo realizadas em esteira ou cicloergdmetro.
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O método proposto por Medbo et al. (1988), mesmo com sua baixa praticidade, parece ser
o procedimento fisioldgico mais confidvel para a determinagdo da capacidade anaerdbia
(NAKAMURA e FRANCHINI, 2006). No presente estudo de Medbo et al. (1988), os autores
realizaram o MAOD com trés sujeitos em duas condig¢des, hipdxia e normodxia, para confirmar
que a varidvel de capacidade anaerébia é independente do metabolismo aerdbio. Assim, os
resultados mostraram que o VO,,sx €M hipdxia reduziu de maneira significativa e o MAOD ndo
apresentou diferenga significante ~em ambas condi¢gdes. Com estes resultados, os
pesquisadores concluem que o método é valido para avaliagdo da capacidade anaerdbia.
Entretanto, a validade do método, para quantificar a capacidade anaerdbia é, todavia,
questionada (BANGSBO, 1996). Desde o ponto de vista fisioldgico, a velocidade maxima de
corrida depende essencialmente da capacidade anaerdbia e a velocidade submaxima de
corrida, predominantemente aerdbica, depende, em parte, da for¢a e da resisténcia muscular,
podendo esta ultima ser quantificada alometricamente (JARIC et al., 2002).

2.7. CONCLUSAO

Desde os estudos de Rubner (1883) e Kleiber (1932), a alometria vem sendo utilizada na
biologia evolutiva como uma maneira de compreender melhor a relagdo da TM com a massa e
a superficie corporal. Diversos estudos com animais de diferentes tamanhos e, mais
recentemente, com seres humanos, tém demonstrado que a aplicacdo de modelos nao-
lineares (alométricos) podem melhor representar o comportamento exponencial da TM de
diferentes animais e seres-humanos.

Algumas teorias foram desenvolvidas com o objetivo de justificar o comportamento
exponencial da TM e, consequentemente, a aplicagdo de modelos alométricos. Dentre essas
teorias, destacaram-se as relagGes da TM com a superficie corporal (RUBNER, 1883), com a MC
(KLEIBER, 1932; 1947), com os aspectos geométricos de 6rgdos e tecidos (WEST et al., 1997) e
com a filogenética (GARLAND e CARTER, 1994) e a temperatura corporal (GILLOOLY et al.,
2001). Por muitos anos, inclusive, se ponderou que as relagdes da TM com a massa e a
3/4 e kg2/3,
respectivamente); duas teorias “em cheque” em termos de especificidade, e que também

superficie corporal fossem alométricas, inclusive com expoentes especificos (kg

foram apuradas em seres-humanos.

Especificamente no ambito esportivo, desde os primeiros estudos de Hill na década de 30, é
de consenso entre os especialistas da drea que os principais fatores fisioldgicos que predizem
o desempenho em modalidades esportivas integradas por provas de meia e longa distancia (p.
e., corrida, ciclismo e natagdo) sdo o consumo de oxigénio e o LA (BASSETT e HOWLEY, 2000;
FOSTER e LUCILA, 2007; NUMMELA et al., 2007), sendo o primeiro relativizado pela MC total
para fins de comparagdo entre sujeitos. Entretanto, apesar da forte relagdo existente entre
consumo de oxigénio e desempenho, a referida afinidade vem sofrendo algumas criticas.
Estudos investigando a predicdo do desempenho desportivo através do consumo de oxigénio
de sujeitos morfologicamente heterogéneos tém demonstrado a necessidade de relativizar
esse parametro com valores concernentes a MC, diferentes da MC total (BRISSWALTER et al.,
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1996, WEST et al., 1997; JENSEN et al., 2001; DARVEAU et al., 2002; TARTARUGA et al., 2009;
2010), adotando-se, dessa forma, a alometria.

Em relagdo a marcha humana, é de consenso que os parametros mecanicos (i. e., Wint, Wext
e W) e a Ef também influenciam na locomogdo. Por muitos anos, a locomog¢do humana foi
utilizada para fugir de desastres naturais, predadores ou em busca de alimentos e dgua, sendo
hoje, fundamental no cotidiano e no desempenho fisico (CAVAGNA, 2010). Diversos
pesquisadores, como Cavagna et al. (1963; 1964), publicaram estudos classicos referentes a
locomogao, fundamentando as principais pesquisas nos dias de hoje. Sabe-se hoje, que a
caminhada e a corrida podem ser descritos através de dois modelos matematicos: o péndulo
invertido e o sistema massa-mola, respectivamente. Porém, assim como tem ocorrido com as
variaveis fisiolégicas preditoras do desempenho de provas esportivas de maia e longa distancia
a locomogdo também vém sendo investigada alometricamente, uma averiguacao que ja foi
realizada em animais por alguns autores, como p. e., Schmidt-Nielsen (1975), no qual
constatou que se mamiferos de diferentes tamanhos possuirem comprimentos de passadas
geometricamente similares, as velocidades mdximas apresentardo fortes relagbes com os

valores de mc®*®

. Da mesma forma, Taylor et al. (1980; 1982), investigando a relagdo entre
MC, Cnet € trabalho muscular durante a corrida, sendo estes ultimos determinantes da Ef,
verificaram que o Ce nNa corrida é diretamente proporcional a velocidade e a MC?3, o que
permite concluir que o custo energético por passo (ou passada) por kg pode sofrer influéncia
da MC, diretamente relacionada ao tamanho corporal, para marchas similares, aumentando
com o aumento da velocidade de corrida.

Embora o consumo de oxigénio, especificamente a ECO, e a Ef serem fortemente
relacionadas com o desempenho em corridas de meia e longa-distancia, ambas influenciadas
pelas capacidades aerdbica e anaerdbica, além de que o comportamento exponencial da TM
pode ser melhor representado por relagdes alométricas com a massa e a superficie corporal,
nenhum estudo tém sido verificado investigando a influéncia da escala alométrica no
comportamento da ECO e da Ef e, consequentemente, nas relagdes destas para com o
desempenho esportivo, especificamente.
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A fim de atender o objetivo geral da presente tese, que foi analisar as relagdes da economia
de corrida e da eficiéncia mecanica com o desempenho de corredores de rendimento usando
modelos alométricos, foram realizados quatro estudos, um de revisao e trés originais, a partir
dos seguintes objetivos especificos:

3.1. OBJETIVO DO ESTUDO DE REVISAO

Revisao bibliografica sobre a predicdo do desempenho da corrida de meia e longa distancia
através da eficiéncia metabdlica aplicando-se modelos alométricos.

3.2. OBJETIVO DO ESTUDO ORIGINAL 1

Identificar o efeito da escala alométrica na relagdo entre eficiéncia metabdlica e
desempenho em corrida de meia-distancia de acordo com o nivel de condicionamento fisico.

3.3. OBJETIVO DO ESTUDO ORIGINAL 2

Investigar a relagdo entre trabalho mecanico e desempenho em corrida de longa distancia
em corredores recreacionistas aplicando-se a alometria.

3.4. OBJETIVO DO ESTUDO ORIGINAL 3

Examinar a influéncia do trabalho mecanico e do custo energético na eficiéncia mecanica
da corrida.

3.5. HIPOTESE GERAL DA TESE

Acredita-se que com a aplicagdo de expoentes alométricos especificos, as relagdes da
economia de corrida e da eficiéncia mecanica com o desempenho de corredores de
rendimento poderdo se tornar mais precisas devido a utilizacdo de valores de consumo de
oxigénio mais representativos dos grupos investigados.

3.6. FINANCIAMENTO

Apoio da Coordenagdo de Aperfeicoamento de Pessoal de Nivel Superior — CAPES / BRASIL
(N°7136/12-9)
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4.1.1. SUMMARY

The purpose of the present review was to investigate the influence of allometric scaling on the
capacity to predict running performance using running efficiency (REff) values. REff, defined as
oxygen consumption per unit distance, is believed to be a factor that is useful in the prediction
of middle- and long-distance running performance. However, among factors that affect the
relationship between REff and long-distance running performance, some authors have
investigated the way in which body size impacts performance. Several studies support the use
of allometric scaling and authors have tried to demonstrate that an indiscriminate use of the
unit ml-kg™*min™ for oxygen consumption (VO,) is inappropriate for comparing VO, values
between subjects of different body characteristics. To date, the role of allometric scaling in the
relationship between REff and the performance of long-distance runners has not been clearly
demonstrated, even if there is some evidence that the use of kg™ is not appropriate. Further
studies are needed to investigate the ways in which REff can be used to predict running
performance using allometric exponents.

4.1.2. INTRODUTION
Running efficiency (REff) is classically assessed in terms of the energy required to run at a

given submaximal velocity (running economy - RE) [1], or the metabolic energy expended per
unit of distance (energy cost of running - Cr) [2]. In existing literature, it is classically suggested
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that REff is an important factor that can be used to predict middle- and long-distance running
performance [3-9]. According to initial reports by Daniels [8], REff can vary by more than 30%
among runners who have a similar maximal oxygen uptake (VO,may). However, despite the fact
that the importance of REff on running performance has been recognized since the 1970s, this
factor remains relatively ignored in existing scientific literature compared to other
performance factors; for example, VO,max and the ability to sustain a high percentage of VO,nax
for an extended period of time [3].

Among the factors that affect the relationship between REff and long-distance running
performance, some authors have investigated the way in which an athlete’s body size affects
their performance [10-15]. Examining the anthropometric characteristics of top athletes could
provide an indication of the directions of this effect [13]. Long-distance runners tend to be
lighter than both rowers [16] and cross-country skiers [17]. Moreover, long-distance runners
usually weigh less than the average person of comparable age and sex, indicating that
individuals who are light have an advantage in this particular event [13].

To take into account the effect of body mass when comparing individuals with different
morphology, some researchers have suggested the use of allometric scaling for efficiency
assessment [10-15,18-22]. Allometric scaling is a methodological approach that was first
proposed by Rubner [23] but has more recently been applied in health sciences [24] or human
movement sciences [11,12,15,21,22,25-32].

In studies that support the use of allometric scaling, authors try to demonstrate that an
indiscriminate use of the unit ml-kg™*min™" is inappropriate for the purposes of comparing
oxygen consumption between subjects of different body characteristics. In one of the first
studies, Von Dobeln [33] found that VO,,.x was related to fat-free body mass raised to the
power of 0.71 in a mixed population (both sexes). More recently, Bergh, Sjodin, Forsberg and
Svedenhag [13] indicated that oxygen consumption during running does not increase
proportionally to body mass and, as such, they proposed that in maximal or submaximal
intensity, oxygen consumption needs to be relativized to kg'a/4 and kg 3, as opposed to kg™.
Furthermore, Sjodin and Svedenhag [34] suggested that changes in REff and VOjma in
adolescent boys during growth may be largely due to an overestimation of oxygen
consumption, justifying the use of allometric models. However, the role of this normalization
in the relationship between REff and long-distance running performance has not been clearly
demonstrated, even if some arguments indicate that it could improve performance predictions
[3].

The purpose of the present review article was to investigate the influence of allometric
scaling on the capacity to predict running performance using REff values.

4.1.3. METABOLIC RATE AND ALLOMETRIC SCALING

The relationship between body mass and metabolic rate has attracted the interest of
biologists and healthcare professionals throughout the world [12,14,35,36]. Since the early
studies of Rubner [23] and Kleiber [37], some studies have been developed with the goal of
understanding the relationship between metabolic rate and allometric exponent [12,36].
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Rubner demonstrated the existence of the relationship between metabolic rate and body
size of dogs. According to their study, small dogs have higher metabolic rates per kilogram
body mass than larger dogs. He found that there was a relationship between metabolic rate
and % of body mass (r = 0.71) [38]. In 1932, Kleiber studied the relationship between
metabolic rate and body mass and, using rats and birds of different sizes, he found a higher
metabolic rate with an allometric exponent to % of body mass (r = 0.98), which was different
than that proposed by Rubner. To confirm his findings, Kleiber [39] published a further study
that demonstrated the existence of a relationship between metabolic rate and % of
mammalian body mass of different sizes (Fig. 1).

For both researchers, metabolic rate can be determined by a regression equation (equation
1) that indicates the behavior of variable Y on body mass X, where a corresponds to the
vertical interception, called the allometric coefficient (constant characteristic for the
organism), and b is the allometric or scaling exponent [11,19,36].

Y = ax? (1)
The exponential function can be transformed into a linear function (equation 2):
LnY=Lna+blnX (2)

When the allometric exponent is 1 (equation 1), the relationship is isometric and when it is
different, the relationship is allometric.

In 1997, a new model was proposed for determining metabolic rate that was based on
energy minimization and the fractal geometry of the distribution of nutrients. According to
West, Brown and Enquist [18] Kleiber’s law (b = %) represents a practical means of
characterizing the metabolic rate of all organisms. However, there is still a debate around the
exponent and some researchers believe that the metabolic rate is governed by an allometric
exponent to two-third of body mass, as per Rubner’s theory, which was based on the amount
of total body surface [40,41]. Others still believe that there is a specific value of exponent
allometric that depends on the group investigated [12,13,28,42].

Many variables and biological processes in birds and mammals appear to have exponents
near approximately one-third, such as the cycle of breathing, the time of puberty, etc.
Moreover, recent empirical investigations have confirmed that the allometric exponent of
maximal metabolic rate is greater than the basal metabolic rate [43], a result not previously
predicted by any theoretical model [44]. Furthermore, some conceptual and mathematical
errors have been identified in the main models proposed to explain the origin of the exponent
three-quarter metabolic rate [40,43], weakening the theoretical support of Kleiber’s law and
strengthening the argument pertaining to the existence of specific allometric exponents.

Banavar et al. [45] and West et al. [18] proposed that allometric scaling, or scale metabolic,
may be understood in terms of bases that limit supply and/or physiological processes that
contribute to the regulation of metabolic rate, as proposed later by Darveau et al. [19],
Hochachka et al. [46] and others (Fig. 2). This demonstrates the existence of specific allometric
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exponents and is contrary to the theories proposed by Rubner (in 1983) (b = %) and Kleiber (in
1932) (b = %). However, Dodds et al. [40], who analyzed the metabolic rate of 391 mammal
species and 398 bird species, found that the scientific basis for completely rejecting the
allometric exponent of two-third proposed by Rubner, based on body surface, was insufficient.
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Figure 1 — Proportionality between metabolic rate and % body mass [39].

Recently, new studies have emerged, mainly as a result of the work completed by exercise
physiologists, which argue that the allometric exponent is morphologically specific according
to the group investigated, i.e., each group has a specific allometric exponent [12,27-32,47].
Although studies have demonstrated the efficacy of allometric scaling for predicting various
physiological parameters, further studies need to be developed by professional science of
human movement experts that investigate the relationship between metabolic rate, body
mass, body surface and physical performance.

4.1.4. REff AND LONG-DISTANCE PERFORMANCE PREDICTION: INFLUENCE OF ALLOMETRIC SCALING

Locomotor performance is ultimately determined by the quantities of useful force and
mechanical power that an animal can generate and sustain. It is the application of this force
and mechanical power that accelerates the animal, supports its centre of mass, and overcomes
friction, inertia, and wind resistance while running [48,49]. The quantities of useful force and
mechanical power can be generated during locomotion and these are functions of
physiological and biomechanical variables such as skeletal muscle metabolic capacity and
energy cost [35].
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Figure 2 — For maximum metabolic rate (MMR) (a), the functions listed in order are control
coefficient (c;), alveolar ventilation (V,4), pulmonary diffusion (D), cardiac output (Q),
capillary-mitochondria tissue diffusion (Dyssue), Cytosolic and mitochondrial metabolism (Mito)
plus actomyosin ATPase (ATPase) and the Ca** pump. The same abbreviations are used in b, in
addition to the Na* pump and protein, urea and glucose synthesis. The two sets of ¢; values
yield estimates of maximum (b,q) and minimum (b,,;,) values for scaling of MMR and basal
metabolic rate (BMR). Darveau et al. (2002).

Therefore, long-distance running performances depend on several physical, physiological,
biomechanical, technological or psychological factors [2-4,9,50]. In particular:

¢ a high value of VOjmay;
¢ a high fraction of VO, Which can be sustained throughout the competition;
¢ and a better REff [51].

Within this framework, even if high correlations have been identified between VO, and
the running performance of groups of runners with different running abilities [52], in groups of
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athletes of similar athletic capacities, VO;n.x becomes a less sensitive predictor of
performance, demonstrating the need to use other factors, such as the REff, to predict long-
distance running performance [1,52]. For example, over a 5-year period Jones [53] observed
an 8% increase in the 3000 m running speed of an Olympic runner, whereas over the same
period VO, decreased by 10%. The fall of VO max Was compensated by an improvement in
REff and an increase of the lactate threshold from 80 to 88% VO;ma, thus suggesting an
increase of the fraction of VO, sustainable throughout the effort, and demonstrating the
important effect that REff can have on long-distance running performance.

The relationship between REff and performance during long-distance running has been
studied since the early 1970s. Results suggest that it is an important factor in explaining
performance in these events and it has also been proposed that a decrease of REff throughout
an event could explain the worst performance observed in some runners [9,54], although REff
has been studied relatively less than other factors [3].

At a given running speed, the submaximal oxygen (VO,suumax) requirement (per mI-kg'l-minl)
may vary considerably between subjects [55]. For example a large variation in REff (about 20%)
at a given speed has been observed between marathon runners of different performance
capacities [52]. In contrast, the differences may be small or nonexistent when groups of elite
runners from different distances are compared [56]. The REff of elite distance runners that are
morphology similar and exhibit a relatively narrow range in VO,ma, has been proven to be
significantly correlated (r = 0.79-0.83) at different speeds with performance during a 10 km
race [54]. Interest in REff as an issue of real importance has increased in parallel with the
emergence of runners of East African origin, as athletes from this area of the world have
become dominant in competitive events over the last 20 years [57,58]. According to Foster and
Lucia [3], individuals of East African origin may be systematically more economical because
they have a smaller body size and a thinner lower leg. An ethnic difference appears to exist
with regard to REff (Table 1). The studies by Coetzer et al. [59] and Saltin et al. [58], who each
investigated South and Eastern Africans respectively, who are morphologically different
individuals, implied that these people exhibit lower Cr (10%), (i.e., a better REff), than
Caucasians. Furthermore, thus, when the 10 km race times of well-trained black and white
South African runners with similar body size were compared, the former demonstrated the
lowest Cr when running, regardless of whether this was expressed per kg or using two-third or
three-quarter of body mass [60]. However, there is a lack of consensus on this argument.
Bosch et al. [61] found the same REff in black and white South African marathon runners with
varying performance levels. Using ‘‘scaling” there was a difference, with the black South
African marathon runners having the lowest value (519 vs. 555 ml-kg™®”>-km™)(Table 1).

Classical studies could test the effect of the mass distribution and help to understand the
results of previous research. In determining race speed, the internal positive work performed
by the lower limbs is about 40% of the total mechanical work performed by muscle-tendon
units [62,63]. This rationale was already proposed from an evaluative point-of-view, where it
was found that subjects with relatively longer lower limbs tend to have lower Cr than those
with relatively shorter lower limbs [64]. Future studies that quantify the effects the mass of the
lower limbs and their distribution on total mechanical work has on REff and performance in
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elite runners are suggested. Ferrettiet al. [65] suggested that the ethnic difference in REff
might be attributed to differences in the recoil of elastic energy stored in the stretched
tendons, which decreases the metabolic energy spent at a given speed.

Table 1 Reference values for aerobic cost of running in
different populations.

Population Maximal oxygen uptake

mL-kg—'-min~! mL-kg%73.min~!

Reference value 58 175
(ACSM) (80kg)

Elite Europeans/ 55 156
North Americans
(65kg)

Elite East Africans 50 130
(60kg)

Foster and Lucia, 2007.
American College of Sports Medicine (ACSM).

The role of body characteristics in long-distance performance entails that it may be useful
to use allometric scaling to investigate the relationship between REff and long-distance
performance. With the aim of trying to better understand the relationship between REff and
performance, several studies have used allometric models, mainly to compare the morphology
of different individuals [66,67] and/or subjects with different types of locomotion [12,68].
According to these studies, relative REff values should be used to generate comparisons
between individuals of different body masses and surface (i. e., allometric exponents that
could be specific of the group investigated) [10,12,69].

In one of the first studies that used an allometric exponent to express efficiency of running,
Bergh et al. [13] found that oxygen consumption during running is better related using specific
allometric exponents, for example, kg'3/4 and kg™?, than to kg™. Furthermore, as was reported
previously, Sjodin and Svedenhag [34] suggested that changes in REff and VO,n.x (per
ml-kg™-min™) in adolescent boys during growth may be largely due to an overestimation of
the oxygen consumption dependence of body mass during running. With an increasing age and
body mass during growth, both VO,s,pmax and VO,nax Will decrease differently according to the
physical condition, suggesting the use of specific allometric exponents.

With the aim of identifying the optimal aerobic determinants of elite using proportional
allometric models, Ingham et al. [14] demonstrated that a proportional curvilinear ratio of
VO,max divided by REff explains 95.9% of the variance in middle distance running. In 1976,
Winter and Hamley [70] had already demonstrated a significant linear relationship between
VOssupmax, relativized by fat-free mass and lean leg volume, and treadmill speed in 32 trained
male middle- and long-distance runners, thus demonstrating the importance of the
relativization of REff.

In @ more recent study that involved both runners and rowers, Tartaruga et al. [12] found
significant changes in rank order in rowers with the use of an allometric exponent (b = 0.66),
demonstrating the importance of allometry in predicting performance in these kind of events
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(Table 2). However, in this previous study, the role of allometric scaling was not observed in
runners with an exponent close to 1 (b = 0.99) (Table 3).

The results acquired from running could be compared with a previous study by Nevill et al.
[20], in which a group of recreationally active adults, both men and women, were investigated.
In this study, the authors found that using VO;max (per L-min~") and body mass (m) as predictor
variables, the best predictor model of 5-km running performance was:

Run speed (m-s™) = 84.3 (VO,a) " (m) ™% 3)

Table 2 Reference values for VOsesmax in 15 rowers.

Submaximal oxygen uptake

mL-kg~!-min~" mL-kg—2-%8.min—"

Rower 01 36.5 Rower 01 146.5
Rower 02 37.2 Rower 03* 147.4
Rower 03 37.6 Rower 04* 149.8
Rower 04 37.8 Rower 02* 150.7
Rower 05 38.5 Rower 05 152.8
Rower 06 39.1 Rower 07* 153.3
Rower 07 40.0 Rower 06* 154.4
Rower 08 40.4 Rower 08 157.3
Rower 09 41.0 Rower 10* 160.9
Rower 10 41.2 Rower 15* 162.6
Rower 11 42.1 Rower 14* 163.6
Rower 12 42.3 Rower 13* 163.7
Rower 13 42.6 Rower 12* 164.5
Rower 14 42.8 Rower 09* 170.3
Rower 15 42.9 Rower 11* 172.8

Tartaruga et al., 2010.
Submaximal oxygen uptake (VO;s.pmax )- Changes in rower’s per-
formance prediction (*).

Table 3 Reference values for VOy.usmax in 11 runners.

Submaximal oxygen uptake

mL-kg~!-min~" mL-kg—2%?.min~?

Runner 01 41.0 Runner 01 42.7
Runner 02 41.5 Runner 02 43.2
Runner 03 43.0 Runner 03 44.8
Runner 04 44.2 Runner 04 46.0
Runner 05 44.6 Runner 05 46.3
Runner 06 45.5 Runner 06 47 .4
Runner 07 46.1 Runner 07 48.1
Runner 08 46.5 Runner 08 48.3
Runner 09 46.8 Runner 09 48.8
Runner 10 47.3 Runner 10 49.4
Runner 11 51.2 Runner 11 53.4

Tartaruga et al., 2010.
Submaximal oxygen uptake (VOscp max)-
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With both exponents close to unity but with opposite signs, their model suggested that the
REff of 5 km run speeds was almost exactly proportional to the traditional ratio standard using
oxygen consumption (per L:-min™) divided by body mass (in kg) or oxygen consumption (per
mL-kg™-min™") [47]. A similar result had been obtained when investigating the REff of 12-year-
old boys [22]. The authors confirmed that the best predictor of boys’ 1 mile run speed was the
traditional ratio standard, VO,max (per mL-kg'l-min'l).

Simply by adding or modifying variables in the allometric model, future research could
explore whether the same scaling approach could be applied to, for example, alternative
measures of recording power output to improve the prediction of time-trial performance [47].

4.1.5. CONCLUSION

Previous research indicates that REff is clearly an important predictor of long-distance
running performance. Existing research indicates that oxygen consumption does not increase
proportionally to body mass in running [3,10,13,22] or in other sports, i.e., rowing [12,21], and
bicycling [26]. Therefore, dividing oxygen uptake by body mass may induce erroneous
interpretations when comparing individuals or groups who differ in body mass. In weight-
supported events, studies have demonstrated that allometric scaling can improve the
relationship between REff and performance. However, this result is not clearly demonstrated
for running, despite the important role that body characteristics can play in explaining
performance. Thus, there is a need to conduct further studies that investigate the ways in
which allometric
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4.2.1. SUMMARY

Identify the effect of allometric scaling on the relationship between running efficiency (REff)
and middle-distance running performance according to performance level. Thirteen
recreational middle-distance runners (male, mean £ SD - age: 33 + 8 years; body mass: 76.4 +
8.6 kg; maximal oxygen uptake - VOsmax: 52.8 + 4.6 mlkg"min™) (G1) and thirteen high-level
middle-distance runners (male, age: 25 + 4 years; body mass: 62.8 + 2.7 kg; VOymay: 70.4 £ 1.9
mI'kg'l‘min’l) (G2) performed a continuous incremental test to volitional exhaustion in order to
determine VO,nax and a running submaximal test of 6-min at 70% of VO, to assess REff.
Significant correlations between REff and performance were found for both groups. However,
the best correlation was observed in recreational runners when using the allometric exponent
(respectively for G1; non allometric vs. allometric scaling: r = 0.80 vs. r = 0.86; and for G2; non
allometric vs. allometric scaling: r = 0.55 vs. r = 0.50). These results indicate that an allometric
normalization may improve endurance performance prediction from REff values in
recreational, but not in elite, runners.

4.2.2. INTRODUTION

Classically, maximal oxygen uptake (VO;ma), running efficiency (REff) and anaerobic
threshold are the main parameters that have been used to predict performance during middle-
and long-distance running events."’

REff could be defined either from the steady-state submaximal oxygen uptake at given
velocities (running economy - RE)® or from energy expenditure per-unit distance (energy cost
of running - Cr).* According to previous reports by Daniels,” REff can vary among runners that
have a similar VO,max by as much as 30% or more. However, despite the fact that the role of
REff on running performance has been reported since the 1970s, REff has been recently
described as “the forgotten factor in elite performance” since little scientific literature has
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been produced in this area compared with other intervening variables of performance (i.e.
VO,max and the ability to sustain a high percentage of VOZmaX).6

Among factors affecting the relationship between REff and middle-or long-distance running
performance, some authors have investigated the way by which the morphological aspects

11 This effect could be observed for

(i.e. body size and body surface) affect performance.
example in Kenyan and Ethiopian runners that often dominate middle- and long-distance
events in athletics. In these subjects running is systematically more economical because they
generally have a smaller body size and a thinner lower leg than other runners.® Within this
framework, some researchers have suggested the use of allometric scaling for efficiency
assessment in order to consider the effect of anthropometric characteristics on metabolic

7-11

measures and particularly on REff.”" These authors demonstrated that an indiscriminate use

of the unit mlkg“min™ is inappropriate to compare oxygen consumption between subjects

1213 15 one of the first studies, Bergh et al*® indicated that

with different body characteristics.
oxygen consumption during running does not increase linearly to body mass and, as such, they
proposed that in maximal or submaximal intensity, oxygen consumption needs to be

-0.75 -0,66

relativized to kg and kg®%, and not to kg™. However, these theoretical exponents have

been questioned in athletes, children and individuals with different levels of performance and

body composition.***

It becomes necessary to derivate the allometric exponent for each
variable. Batterham® tested the relationship between body size and metabolic rate from sub-
maximal to maximal aerobic conditions in 1629 healthy men, and found that the mass scaling

08 to kg®*, suggesting that is necessary to calculate an exponent

exponent ranged from kg
specific for REff.

Another possible confusing factor in the use of allometric scaling to assess oxygen
consumption could be due to differences in aerobic capacity among subjects (i.e. untrained or
moderately trained vs. runners that compete at a high level).* In a recent study analyzing the
allometric relationship between oxygen consumption (ranging from rest to maximal condition)
and body mass in trained and untrained individuals Markovic, Vucetic and Nevill** found that
the allometric model may be valid in describing the scaling behaviour of metabolic rate in
untrained individuals but not in athletes. This last result suggests that the interest to use an
allometric scaling to predict performance from REff values could depend on aerobic capacity or
performance level. To the best of our knowledge, few studies has examined the effect of
performance level on the usefulness to use an allometric model to predict endurance running
performance from REff values.

Thus, the purpose of this study was to examine the effect of allometric scaling on the
relationship between REff and endurance running performance according to performance
level. In comparison to elite endurance runners, our hypothesis was that the allometric model
might better predicting the endurance performance in recreational endurance runners.

4.2.3. METHODS

4.2.3.1. SUBIJECTS
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Thirteen recreational middle-distance runners (male, mean age + SD: 33 + 8 years) (G1) and
thirteen high-level middle-distance runners competing at international level (male, age: 25 £ 4
years) (G2) participated in this study. Subjects were free of any musculoskeletal, bone and
joint, or cardiac and pulmonary diseases and were not taking any medications. Calculation of
the sample “n” was carried out using the PEPI program (Version 4.0) with a power of 90%. In
order to participate in this study, all subjects were required to read and sign the written
informed consent form, which contained all the information about the procedures and
potential risks associated with participating in the study. The study was approved by the local
University’s Institutional Ethics and Research Committee and is in accordance with the
Declaration of Helsinki.

4.2.3.2. EXPERIMENTAL PROCEDURES

Each subject took part in three experimental laboratory sessions (sample characterization,
incremental treadmill (QUINTON, Waukesha, USA) running protocol and REff determination
test) (see Fig. 1). An interval of 48 h was used between the sessions. The laboratory ambient
temperature (25°C) and relative humidity (53%) were controlled according to 1SO-8573-1
(International Standards). Several restrictions were imposed on the subjects: no food 3-4 h
before the tests and any stimulants or intense physical activity 12 h before each evaluation.

SESSION 1

1. Sample characterization
» Anthropometric measures
»  Treadmill running familiarization

Interval 48 hours

SESSION 2

1. Maximal oxygen uptake determination test
* |Initial velocity
* Increments of 1 km.h"! each 1 min
¢ Duration between 8 to 14 min

Interval 48 hours

SESSION 3

1. Running efficiency determination test
* 6 minat 70% maximal oxygen uptake
*  Oxygen uptake (1% to 6" min)
*  Analysis (4% to 6" min)

Figure 1. Experimental laboratory sessions.



Allometry and performance in distance runners 59

4.2.3.3. SAMPLE CHARACTERIZATION

Body mass was assessed to the nearest 0.1 kg using a beam balance scale with the runners
wearing minimal clothing. During the sample characterization session, all subjects participated
in a familiarization exercise on treadmill running with initial velocity of 10 km'h™ and increases
by 1 kmh™ at 1-min intervals until volitional exhaustion, with specific ergospirometric
accessories. In addition, all details of the care that would need to be taken while performing
the exercise were explained.

4.2.3.4. INCREMENTAL TREADMILL RUNNING PROTOCOL

After a brief warm-up and 10-min rest, subjects performed a progressive protocol with an
initial velocity of 10 km'h™ and increased by 1 km'h™ at 1-min intervals. The treadmill incline
was fixed at 1%. Load increments were calculated to reach VO,m.x between 8 and 14 min. The
VO;max attainment criteria described by Howley, Bassett and Welch®® (i.e. maintenance in
VO,max With increase in the exercise intensity; a respiratory exchange ratio greater than 1.15
was reached; estimated maximal HR was reached) were adopted. When the peak VO;ma Was
considered as VO,max. Respiratory parameters were continuously recorded using a metabolic
cart (MGC/CPX; St. Paul, USA) with gas exchange and ventilatory analyzed breath by breath,
previously calibrated according to manufacturer’s specifications.

4.3.3.5. REFF DETERMINATION TEST

The REff test was a 6-min run at 70% of VO,max. This intensity was chosen to correspond to a
predominantly aerobic exercise for all subjects (13 + 4.9% of anaerobic threshold) and thus to
allow the assessment of efficiency from oxygen consumption values.’ Individual REff values
(cost of transport in J’kg'"'m, with respiratory quotient corrected by 20.1) were determined
based on the mean submaximal oxygen uptake values recorded during the last two minutes of
the test. The breath-by-breath data were smoothed with a 15-s moving average. In this study,
REff was considered as the energy expenditure per-unit distance (energy cost of running - Cr).

4.2.3.6. PERFORMANCE

Performance was assessed from the best performance (fastest times) in middle distance
events ranging from 3000-m steeplechase run (G2) to 10000-m run (G1) performed at the
latest in the month following laboratory testing. In order to compare different middle distance
events, performance was scored in points according to the International Association of Athletic
Federations (IAAF) table (Hungarian table).
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4.2.3.7. ALOMETRIC SCALING

To understand the relationship between REff and running performance it was used
allometric normalization that can be described by the general equation:

y=ax’ (1)

where y is absolute VO,nax, X is body mass, b is the allometric or scaling exponent, and a is a

constant characteristic for the organism, which is called the allometric coefficient.>**'” For
determination of b, the exponential function was transformed into a linear function:
logy=b log mass +loga (2)

where b is the slope of the linear regression line on a double logarithmic plot.*®
4.2.3.8. STATISTICAL ANALYSIS

The Shapiro-Wilk test was used to verify the normality of the data. The Pearson product-
moment correlation test and multiple linear regression analysis were used to analyze the
relationship between REff and endurance running performance (in times). Possible differences
between groups were analyzed using two samples t-test with unequal variances and one-way
ANOVA with Bonferroni post-hoc test. Significance was accepted as p < 0.05, statistical power
was 90%, and analyses were performed in SPSS Version 20.0.

4.2.4. RESULTS

Performance values scored according to the IAAF Hungarian table and physiological
characteristics are shown in Table 1. As expected, high-level runners had significantly higher (p
< 0.05) performance scores than recreational runners. Significant differences were observed in
age (p = 0.006) and body mass (p = 0.001). No significant differences were found in HR.x
between groups (p = 0.379). The performance (in times; min:s) for G1 and G2 was 43:40 + 2:27
and 8:29 £ 0:8, respectively.

Table 1. Performance score according to the IAAF Hungarian table and physiological
characteristics of subjects Mean + SD.

G1 (10000-m) G2 (3000-m)
Performance (pts.) 166.8 + 84.56 1139.9* £ 35.25
Body mass (kg) 76.4 £ 8.6 62.8* +2.7
Heart rate may (bpm) 187 + 12 190 + 10

Note: Recreational (G1) and high-level (G2) middle-distance runners.
* When a difference was found between groups, p < 0.05.

The relationship between VO,,.x and body mass for recreational (G1) and high-level
runners (G2) (see Fig. 2) was conformed to the allometric expression, with similar allometric
exponents (r = 0.72, p = 0.005 and 0.79, p = 0.001, respectively). These common exponents
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were capable to adjust the effects of body size on REff. Significant differences in VO, values
with and without the application of specific allometric exponents were observed between
groups and significant correlations between VO,,.x and performance, with and without the
application of specific allometric exponents, were observed only in recreational runners (G1)
and in the general group (Gtotal) but not in the high level group (G2) (Table 2).
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Figure 2. Relationships between maximal oxygen uptake expressed in absolute
terms (VOzmaxaps) and body mass by using allometric log-linear for recreational
(G1; n = 13) and high-level middle-distance runners (G2; n = 13). Regression
lines are shown with the 95% confidence interval.

Table 2. Relationships between VOzmax and performance for recreational (G1), high-level (G2) middle-
distance runners and general group (Gtotal) with and without the use of allometric exponent.

G1(n=13) G2 (n=13) Gtotal (n = 26)
Mean SD r Mean SD r Mean SD r
VO2maxabs 3985.1 +435.0 -0.16 4423.0° +1834 -0.03 4204.1 +396.0 -0.57*

VOaomax (b= 1) 52.8 +4.6 -0.94* 704° +19 -007 612° +10.0 -0.93*
VOomax (b=0.75) 152.0 +125 -0.88* 194.0° +49 -0.07 1725° +25.4 -0.92*
Note: (b) allometric exponent; maximal oxygen uptake expressed in mImin~ and ml’kg™ min .
Z Significant difference in comparison with G1;
. Significant difference in comparison with G2 and G2;

p <0.05.

The average speeds during the REff determination test were respectively for G1 and G2: 13
kmh™ vs. 15 km'h™. The relationships between REff and performance for recreational and
high-level middle-distance runners, with and without the use of allometric exponent, are
shown in Table 3, with the confidence limits presented in Table 4. The inter-group variability
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(G1-G2; G1-Gtotal, G2-Gtotal) in REff values, with and without the application of specific
allometric exponents, was: 12.3 % and 17.5 %; 6.7 % and 8,9 %; 5.3 % and 7.9 %.

Table 3. Relationships between REff and performance for recreational (G1), high-level (G2)
middle-distance runners and general group (Gtotal) with and without the use of allometric

exponent.
G1(n=13) G2 (n=13) _
13 kmh™" 15 kmh™" Gtotal (n = 26)
Situation Mean SD r Mean SD r Mean SD r
Cr(Jm") 260.1 +424 0.75* 2487 +22.7 044 2544 +33.8 0.23

Cr(Jkg''m™) 337 +0.15 0.80* 396 +0.32 055" 3.67 +0.39 -0.75*
Cr(J'kg'D'm") 9.71 +0.63 0.86* 1091 +0.91 050" 1036 +1.05 -0.58*
Note: (b) allometric exponent. REff values expressed in cost of running (Cr).

p < 0.05.

Table 4. Confidence limits of the correlations coeficients of REff for
recreational (G1), high-level (G2) middle-distance runners and general group
(Gtotal) with and without the use of allometric exponent.

G1(n=13) G2 (n=13) G3 (n=13)

Intervals
Situation Lower Upper Lower Upper Lower Upper
Cr(Jkg m") 3.29 3.45 3.79 413  3.46 3.88
Cr(Jkg”m™) 9.37 10.05 1042 11.40 9.79 10.93

Note: (b) allometric exponent. REff values expressed in cost of running (Cr).
Significant difference intragroup.

Significant correlations were found between REff and performance for both groups
indicating that REff can be considered as an important factor of middle distance performance
whatever the performance level. However, the strongest correlations values were observed in
the recreational runners, especially when using the allometric exponent. When using multiple
regression analysis, the overall prediction power model of independent variables (body mass,
VOymax With kg’1 and REff) was 91.0%, with an estimation error of 3.23.

4.2.5. DISCUSSION

In the present study we examined the effect of allometric scaling on the relationship
between REff and middle distance running performance according to performance level.

Firstly, one interesting result of this study is that the applications of linear models allowed
the determination of a similar allometric exponent for both groups (see Fig. 2). The
relationship between body mass and metabolic rate has been investigated in animals and
humans by biologists and healthcare professionals throughout the world from the beginning of

the 19" century until today.”*""

Our exponents are in agreement with the findings by
Kleiber,” who studied the relationship between metabolic rate and body mass in rats and
birds of different sizes, indicating the interest to use an allometric exponent to % of body mass
to express metabolic rate (r = 0.98). More recently, a similar exponent was also verified by
Bergh et al,"® who indicated that oxygen consumption during running does not increase

-0.75 I

proportionally to body mass and this physiological variable needs to be relativized to kg n

general, studies have shown that the allometric exponent is morphologically specific according



Allometry and performance in distance runners 63

to the group investigated, especially the behavior of VO;y.x, body mass”2%?!

22,23

and body
geometry. This hypothesis could therefore explain a similar allometric exponent between
our groups despite difference in body size or performance level in animals and humans.

The most important finding of this study indicate statistically significant correlations
between REff and performance whatever the groups, demonstrating that REff could be a
significant factor to predict middle-distance running performance. This result is in agreement
with previous studies indicating the role of REff in endurance performance and the interest to

improve this parameter with training.®***°

However, in this study, comparing groups with
different performance level, the strongest correlations were observed in the recreational
runners, especially when using the allometric exponent, demonstrating the interest of
allometric scaling to express efficiency or oxygen consumption in such population (see Table
3). Moreover, even if a significant, but lower, correlation was found for high-level runners,
inconsiderable effect of allometric scaling was observed.

This result could be discussed with those reported by Markovic, Vucetic and Nevill,*
comparing the allometric relationship between human metabolic rate (ranging from resting to
maximal metabolic conditions) and body mass, both in athletes of different specialization and
untrained individuals. In this study, for untrained individuals, the allometric exponent value
exhibited an increase when increasing metabolic demand (b = 0.69, 0.76, 0.76, 0.84 and 0.89,
respectively). In contrast, the allometric exponent value for the athletic group significantly
decreased when moving from resting to maximal metabolic conditions (b = 0.98, 0.88, 0.80,
0.69, and 0.67). This last result indicate that the allometric cascade model proposed by
Darveau et al*> may be valid in describing the scaling behavior of metabolic rate in untrained
individuals, but not in athletes of different specializations. This different usefulness of
allometric scaling among subjects with different aerobic capacities is also reported in our study
when we analyze de relationship between REff and performance. In our study, despite the fact
that, we found a similar allometric exponent for recreational and high-level runners,

corroborating with Kleiber,"?’

we also observed that the use of allometric scaling may be
more effective in predicting the performance in untrained individuals in comparison to
athletes, and this results can be also related to heterogeneity in body composition among
subjects™.

Furthermore, another interesting but more classical result of this comparison between

groups of different performance level is that a significant relationship between VOZmaxand

performance, was only observed for recreational middle-distance runners. This observation is
in agreement for example with previous studies indicating that in a homogeneous group of
well trained runners small variations in VO,.x values are observed in athletes with similar
performance, demonstrating that this variable is not a good predictor of the performance in
high-level subjects.*®

These observations raise the difficulty to identify factors of performance in high-level
athletes. On the one hand, classical assessment of oxygen uptake using efficiency or VO,nax
may represent only one dimension of the aerobic capability response. For example, the time
constant of “switch-on” and the time spent at a high proportion of VO, may also be

important factors that explain the potential for aerobic energy turnover.'* On the other hand,
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in high level athletes with a high running velocities and different pacing strategies during
competition, neuromuscular factors and anaerobic contribution need to be take in account in
performance prediction.”

4.2.6. PRACTICAL APPLICATION

Differences in body mass account for almost 70% of the differences observed in VO,uax end
REff test in recreational runners. Generally measured on per unit mass basis, it reduces the
obvious disparities that will be observed in runners of differing total body mass. However,
while expressing VO,max Or REff on a per unit weight basis will control for differences in total
body mass, it does not eliminate the differences in body composition, demonstrating that an
indiscriminate use of kg™ is inappropriate to compare subjects with different body
characteristics. The findings of the current study demonstrate that the allometric model is a
good method to determine and comparing the endurance performance prediction in
recreational endurance runners; an alternative simple and interesting that can improve the
effectiveness on physical aerobic training.

4.2.7. CONCLUSION

Previous research indicated that REff is a factor of endurance running performance.
Moreover, it has been demonstrated that oxygen consumption does not increase linearly to

671030 as such, relativizing the oxygen uptake by total body

body mass during running activities.
mass may produce erroneous interpretations when compared the REff of groups comprising
morphologically different runners. In weight-supported events, studies have demonstrated
that allometric scaling can improve the relationship between REff and performance. Our study
showed that this improvement mainly occur in recreational middle-distance runners in
comparison to elite middle-distance runners, probably due to physiological aspects as aerobic

capacity or performance level.
4.2.8. REFERENCES

1. Midgley AW, McNaughton LR, Jones AM. Training to enhance the physiological determinants
of long-distance running performance: can valid recommendations be given to runners and
coaches based on current scientific knowledge? Sports Med. 2007;37:857-880.

2. Sjodin B, Svedenhag J. Applied physiology of marathon running. Sports Med. 1985;2:83-99.

3. Bassett DR, Howley ET. Limiting factors for maximum oxygen uptake and determinants of
endurance performance. Med Sci Sports Exerc. 2000;32:70-84.

4. Di Prampero PE, Atchou G, Bruckner JC, Moia C. The energetics of endurance running. Eur J
Appl Physiol Occup Physiol. 1986;55:259-266.



Allometry and performance in distance runners 65

5. Daniels JT. A physiologist's view of running economy. Med Sci Sports Exerc. 1985;17:332-

338.

6. Foster C, Lucia A. Running economy: the forgotten factor in elite performance. Sports Med.

2007;37:316-319.

7. Brisswalter J, Legros P, Durand M. Running economy, preferred step length correlated to

body dimensions in elite middle distance runners. J Sports Med Phys Fitness. 1996;36:7-15.

8. Tartaruga MP, Peyré-Tartaruga LA, Coertjens M, Medeiros MHd, Kruel LFM. The influence of

the allometric scale on the relationship between running economy and biomechanical
variables in distance runners. Biol Sport. 2009;26:263-273.

9. Tartaruga MP, Medeiros MHd, Alberton CL, Cadore EL, Peyré-Tartaruga LA, Baptista RR,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Kruel LFM. Application of the allometric scale for the submaximal oxygen uptake in runners
and rowers. Biol Sport. 2010;27:297-300.

Bergh U, Sjodin B, Forsberg A, Svedenhag J. The relationship between body mass and
oxygen uptake during running in humans. Med Sci Sports Exerc. 1991;23:205-211.

Ingham SA, Whyte GP, Pedlar C, Bailey DM, Dunman N, Nevill AM. Determinants of 800-m
and 1500-m running performance using allometric models. Med Sci Sports Exerc.
2008;40:345-350.

Darveau CA, Suarez RK, Andrews RD, Hochachka PW. Allometric cascade as a unifying
principle of body mass effects on metabolism. Nature. 2002;417:166-170.

Hoppeler H, Weibel ER. Scaling functions to body size: theories and facts. J Exp Biol.
2005;208:1573-1574.

Markovic G, Vucetic V, Nevill AM. Scaling behaviour of VO2 in athletes and untrained
individuals. Ann Hum Biol. 2007;34:315-328.

Batterham AM, Jackson AS. Validity of the allometric cascade model at submaximal and
maximal metabolic rates in exercising men. Respir Physiol Neurobiol. 2003;135:103-106.

Howley ET, Bassett DR, Jr., Welch HG. Criteria for maximal oxygen uptake: review and
commentary. Med Sci Sports Exerc. 1995;27:1292-1301.

Suarez RK, Darveau CA, Childress JJ. Metabolic scaling: a many-splendoured thing. Comp
Biochem Physiol B Biochem Mol Biol. 2004;139:531-541.

Nevill AM, Ramsbottom R, Williams C. Scaling physiological measurements for individuals
of different body size. Eur J Appl Physiol Occup Physiol. 1992;65:110-117.

Kleiber M. Body size and metabolic rate. Physiol Rev. 1947;27:511-541.

Nevill AM, Jobson SA, Palmer GS, Olds TS. Scaling maximal oxygen uptake to predict cycling
time-trial performance in the field: a non-linear approach. Eur J Appl Physiol. 2005;94:705-
710.



Allometry and performance in distance runners 66

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Jensen K, Johansen L, Secher NH. Influence of body mass on maximal oxygen uptake: effect
of sample size. Eur J Appl Physiol. 2001;84:201-205.

Nevill AM, Markovic G, Vucetic V, Holder R. Can greater muscularity in larger individuals
resolve the 3/4 power-law controversy when modelling maximum oxygen uptake? Ann
Hum Biol. 2004;31:436-445.

Nevill AM, Stewart AD, Olds T, Holder R. Are adult physiques geometrically similar? The
dangers of allometric scaling using body mass power laws. Am J Phys Anthropol.
2004;124:177-182.

Saunders PU, Pyne DB, Telford RD, Hawley JA. Factors affecting running economy in trained
distance runners. Sports Med. 2004;34:465-485.

Morgan DW, Craib M. Physiological aspects of running economy. Med Sci Sports Exerc.
1992;24:456-461.

Tartaruga MP, Brisswalter J, Peyre-Tartaruga LA, Avila AO, Alberton CL, Coertjens M,
Cadore EL, Tiggemann CL, Silva EM, Kruel LF. The relationship between running economy
and biomechanical variables in distance runners. Res Q Exerc Sport. 2012;83:367-375.

Kleiber M. Body size and metabolism. Hilgardia. 1932;6:315-353.

Conley DL, Krahenbuhl GS. Running economy and distance running performance of highly
trained athletes. Med Sci Sports Exerc. 1980;12:357-360.

Yoshida T, Udo M, lwai K, Chida M, Ichioka M, Nakadomo F, Yamaguchi T. Significance of
the contribution of aerobic and anaerobic components to several distance running
performances in female athletes. Eur J Appl Physiol Occup Physiol. 1990;60:249-253.

Nevill A, Rowland T, Goff D, Martel L, Ferrone L. Scaling or normalising maximum oxygen
uptake to predict 1-mile run time in boys. Eur J Appl Physiol. 2004;92:285-288.



Allometry and performance in distance runners 67

man Kinetics volume 38/2013, 7-15

Section I - Kinesiology

Mechanical Work and Long-Distance Performance Prediction:
the Influence of Allometric Scaling
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4.3.1. SUMMARY

The purpose of this study was to examine the effect of allometric scaling on the relationship
between mechanical work and long-distance running performance. Fourteen recreational long-
distance runners (male, mean * SD - age: 29 + 7 years; body mass: 70.0 £ 10.2 kg; body height:
1.71 £ 0.07 m; maximal oxygen uptake: VO 52.0 + 4.9 mI'kg’l'min’l) performed two tests: a
continuous incremental test to volitional exhaustion in order to determine VO;..,, and a 6-
minute running submaximal test at 3.1 m's™, during which segments in the sagittal plane were
recorded using a digital camera and the internal (Wi,), external (W) and total (Wio)
mechanic work, in Jkg™'m™, were subsequently calculated. The results indicated significant
correlations between mechanical work and performance, however, the best correlations were
observed when allometric exponents were used (respectively for Wiy, Wex and Wy non
allometric vs. allometric scaling defined by literature (0.75) or determined mathematically
(0.49): r=0.38vs.r=0.44 and r=0.50; r=0.80 vs. r =0.83 and r=0.82; r=0.70 vs. r = 0.77
and r = 0.78). These results indicate that mechanical work could be used as a predictor of
recreational long-distance performance and an allometric model may improve this prediction.

4.3.2. INTRODUTION

An increase in participation in different forms of endurance running events has led to a
need to better understand the factors that determine middle- and long-distance runners
performance. Classically, the parameters of maximal oxygen uptake (VOyma), running
efficiency and anaerobic threshold have been used to predict this performance (Saunders et
al., 2004). The energy consumption in locomotion has been extensively studied and the
relationship with the mechanical work investigated (Minetti et al., 1994). A number of
biomechanical factors influences on running efficiency for example the ability of muscles to
store and release elastic energy by increasing the stiffness of muscles, and more efficient
mechanics leading to less energy wasted on braking forces and excessive vertical oscillation
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(Saunders et al., 2004).

Classically the mechanics of human locomotion have been analyzed from the mechanical
work performed (Cavagna and Kaneko, 1977). This total mechanical work of locomotion (W)
is traditionally considered as the sum of the two separate entities: external mechanical work
(Wex) and internal mechanical work (W;.;) (Saibene and Minetti, 2003). W, represents the
work necessary to lift and accelerate the body center of mass within the environment; and it
has been investigated in many different conditions and populations (Saibene and Minetti,
2003). Calculating W,,: involves measuring the gravitational potential energy (PE) and the
kinetic energy (KE) of the body center of mass before calculating the total energy (TE = PE + KE)
(Saibene and Minetti, 2003). The W, can be determined both by using dynamometric (direct
dynamics) and motion analysis (inverse dynamics) techniques (Cavagna, 2010).

The reciprocal movements of body segments that do not affect the trajectory of the body
center of mass are, to a large extent, brought about by forces internal to the body and,
consequently, work associated with energy changes relative to the body center of mass
correspond to Wi, (Willems et al., 1995). Therefore, W, represents the work necessary to
accelerate the limbs reciprocally with respect to the body center of mass during human
locomotion and it is computed using both segment movements and anthropometric
parameters (Cavagna, 2010).

Some authors have also investigated how the athlete’s anthropometric parameters and
particularly body size can affect performance (Brisswalter et al., 1996; Ingham et al., 2008).
The effect of body size for example, can be observed for Kenyan and Ethiopian runners who
often dominate middle- and long-distance events in athletics. For these subjects running is
systematically more economical because they generally have a smaller body size and thinner
lower limbs than other runners (Foster and Lucia, 2007). Within this framework, some
researchers have suggested the use of allometric scaling for efficiency assessment in order to
take into account the effect of anthropometric characteristics on metabolic measures, in
particular on running efficiency (Darveau et al., 2002; Nevill et al., 2004; Tartaruga et al., 2010).
Running efficiency is defined as the steady-state submaximal oxygen uptake at given velocities
(running economy — RE) (Saunders et al., 2004) or from energy expenditure per-unit distance
(energy cost of running — Cr) (Minetti et al., 1994). These authors tried to demonstrate that an
indiscriminate use of the unit ml’kg™min™ is inappropriate for the purposes of comparing
running efficiency between subjects with different body characteristics (Bergh et al., 1991) or

075 or kgb, were b is the

performance level (Markovic et al., 2007), and suggested the use of kg
allometric or specific allometric exponent.

Within this framework, it has been well demonstrated that running efficiency depends to a
large extent on locomotion mechanics (Saunders et al., 2004), therefore, to the best of our
knowledge, no existing study has examined the influence of allometric scaling on the
relationship between mechanical work (Wi, Wex and Wy) and the performance in long-
distance runners. Thus, the purpose of this study was to examine the effect of allometric
scaling on the relationships between mechanical work and the performance in recreational
long-distance runners. This experiment was designed to test the hypothesis that the allometric

model may improve predictions of the performance for recreational long-distance runners.
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4.3.3. MATERIAL AND METHODS
4.3.3.1. PARTICIPANTS

Fourteen recreational long-distance runners (male, mean + SD - age: 29 = 7 years; body
mass: 70.0 + 10.2 kg; body height: 1.71 + 0.07 m; lower limb length: 0.80 + 0.03 m)
participated in this study. Subjects were free of any musculoskeletal, bone and joint, or cardiac
and pulmonary diseases and were not taking any medications. Calculation of the sample “n”
was carried out using the PEPI program (Version 4.0) with a power of 90%.

Prior to participation, subjects were carefully informed of the design of the study, especially
the possible risks and discomforts related to the procedures. Subjects then gave their written,
informed consent. The institution’s Research Ethics Committee approved the present study
according to the Declaration of Helsinki.

4.3.3.2. EXPERIMENTAL PROCEDURES

Each subject took part in three experimental laboratory sessions (sample characterization,
incremental treadmill running protocol and running economy test) (Figure 1), with an interval
of 48 h between each session. The laboratory ambient temperature (25°C) and relative
humidity (53%) were controlled according to 1SO-8573-1 (International Standards). Some
restrictions were imposed on the subjects: no food 3-4 h before the tests and any stimulants or
intense physical activity 12 h before each evaluation.

4.3.3.3. SAMPLE CHARACTERIZATION

Body mass and height were measured using an analog medical scale (resolution of 0.1kg)
and a stadiometer (FILIZOLA; Sao Paulo, Brazil) while the runners wore minimal clothing. Two
experienced anthropometrists measured each subject. During the sample characterization
session, all subjects participated in a familiarization exercise during which they were
introduced to the process of treadmill running. In addition, all details of the care that would
need to be taken while performing the exercise were explained in full.

4.3.3.4. INCREMENTAL TREADMILL RUNNING PROTOCOL

After a brief warm-up and 10 min rest (5 min sitting and 5 min standing), subjects followed
a progressive protocol on a treadmill (model 250 RT, MOVEMENT; Pompéia, Brazil) with an
initial velocity of 2.8 m's™, in which speed was increased by 0.28 m's™ at 1 min intervals and
treadmill incline was fixed at 1%. Load increments were calculated to reach VO,m.x between 8
and 14 min. The VO,max attainment criteria described by Howley et al. (1995) were adopted.
Respiratory parameters were continually recorded using a mixing-box-type portable gas
analyzer (model Aerosport VO2000, INBRAMED; Ann Arbor, MI, USA). The gas analyzer was
calibrated prior to each session.
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SESSION 1

1. Sample characterization
» Anthropometric measures
»  Treadmill running familiarization

Interval 48 hours

SESSION 2

1. Maximal oxygen uptake determination test
* Initial velocity
* Increments of 1 km'h™' each 1 min
¢  Duration between 8 to 14 min

Interval 48 hours

SESSION 3

1. Running economy test
* 6minat11 kmh'
* Shooting (4™ to 6 min)

Figure 1. Experimental laboratory sessions.
4.3.3.5. RUNNING ECONOMY TEST

The running economy test consisted of a 6 min run at 3.1 m's™ (corresponding to 10 *
0,93% below the velocity at the anaerobic threshold) on a treadmill. Nine reflexives
hemispherical spot markers were placed on the left sagittal plane to identify the subject’s
segments of interest, as described by Willems et al. (1995) (Figure 2). The moving body
segments were recorded during the last 20 s of the run using a digital camera (240 Hz; model
EX-FH25, CASIO; Tokyo, Japan).

Ear: immediately anterior to tragus of ear
Shoulder: greater tubercle of the humerus
Elbow: lateral epicondyle of the humerus

Wrist: styloid process of the ulna
Hip: greater trochanter
Knee: lateral epicondyle of femur
Ankle: lateral malleolus

0 NG o B G N

J Be Heel: tuberosity of the calcaneus
W2 - g

g

Figure 2. Localization of the retro-reflective markers.

9. Toe: 5" metatarsal head

4.2.3.6. PERFORMANCE

Performance was assessed using the fastest 10000 m run performed at the latest date in
the month following laboratory testing.
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4.3.3.7. ALOMETRIC SCALING

The effect of allometric scaling on the relationship between mechanical work and running
performance was investigated using an allometric exponent (b) of 0.75 proposed by Bergh et
al. (1991) and determined according to following general allometric equation:

y=ax’, (1)

where y is absolute VO,nax, X is body mass and a is a constant characteristic for the organism,
which is called the allometric coefficient (Jensen et al., 2001). For determination of specific b,
the exponential function was transformed into a linear function:

logy=blogx+loga (2)

where b is the slope of the linear regression line on a double logarithmic plot. When b is 1
(Equation 1) the relationship is isometric and when it is higher or lower than 1, the relationship
is allometric.

4.3.3.8. MECHANICAL WORK

The total positive mechanical work (W) needed to sustain locomotion comprises positive
internal mechanical work (W;,), which is the work done to accelerate the body segments
relative to body centre of mass, and positive external mechanical work (Wey), which is the
work done to lift and accelerate the body centre of mass relative to the environment (Cavagna
and Kaneko, 1977). This was computed from mechanical energies of the body segments
determined cinematically (Cavagna, 2010).

The determination of W;,; requires computation of the instantaneous kinetic energy (KE) of
each segment relative to the body centre of mass (KE,). This was performed as follows:

KE, = %mv’ o, + mVe,, + smK*w’ (3)

where m is the mass of the segment, v,,, and v,, are the antero-posterior and vertical
components of the linear velocities of each segment relative to body centre of mass velocities,
K is segment radius of gyration, and w is angular velocity of the each segment. Instantaneous
KEr of each segment within the same limb was then summed to give the kinetic energies of the
upper and lower limbs, and the head-trunk. The W;,; of each limb and of the head-trunk was
then obtained by summing the positive increments of the KE curve of each limb and of the
head-trunk segment separately over an integral number of strides. Consequently, the W;,; was
obtained by the sum of the internal work of each limb and the head-trunk segment. This
computational scheme assumes energy transfers take place between segments of the same
limb but not between limbs or between the trunk and limb.
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The determination of W, requires computation of the instantaneous total mechanical
energy of the body centre of mass (Ecy). This was performed as follows:

Ecw = Mgh + %MV, + BMV?, (4)

where M is total body mass, g is gravitational acceleration (9.81 m's™), h is height of the body
centre of mass, V,, and V, are the antero-posterior and vertical components of the linear
velocities of the body centre of mass. W, was computed by summing the positive increments
in Ecm over the same period as for the determination of W;,;.. W was obtained from the
arithmetic sum of W;,; and W, by applying an approximation of Koénig’s theorem of
mechanics, which states that the total KE of a multilink system is made up of the KE of the
segments relative to the overall centre of mass, which makes up Wi, and the KE of the overall
centre of mass, which is included in W,,; (Cavagna and Kaneko, 1977).

Mechanical work measures were expressed using the same units as energy cost (Cr; in J'kg
*m™) with b corresponding to 1, 0.75 (defined by literature) and 0.49 (determined
allometrically). The conventional approach of considering only positive increments in
mechanical energy (positive work) and neglecting negative work was applied. In level
locomotion at a steady speed negative work is equal in magnitude but opposite in sign to
positive work (and hence has no impact on comparison between groups). An inclusion of
negative works would result in a network of zero which although mechanically correct is
biologically meaningless and precludes determination of efficiency.

The Dvideo software (Laboratory of Biomechanics & Institute of Computing, UNICAMP;
Campinas, Brazil) was used to calculate and track the bi-dimensional positions of the markers
(see Figueroa et al.,, 2003) and, MATLAB software (Version 5.3, MathWorks, Inc.; Natick,
Massachusetts, USA) was used in the reconstruction of 2D spatial model for both sagittal
planes (filmed and estimated), signal processing and subsequent data over five strides.
Anthropometric data of 6 rigid segments (head-trunk, upper arms, lower arms, thighs, shanks,
feet) were used to compute the position of centers of mass of each segment and total body.
The low-pass Butterworth filter was used with automatic cut-off frequency selection for each
marker. The range of cut-off frequencies was 8 to 11 Hz. Linear and angular velocity of each
segment and linear velocity of body centre of mass was determined by numerical
differentiation.

4.3.3.9. STATISTICAL ANALYSIS

The Shapiro-Wilk test was used to verify the normality of the data. The Pearson product-
moment correlation test was used to analyze the relationship between mechanical work and
long-distance running performance. Possible differences in VO;max and mechanical work
values, with and without the application of allometric exponents, were analyzed using one-way
ANOVA with the Bonferroni Post-Hoc test based on the type of variance. Significance was
accepted as p < 0.05, statistical power observed 90%, and analyses were performed in SPSS
20.0. Results are reported as means * SD.
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4.3.4. RESULTS

The relationship between VO;m.x and body mass in recreational long-distance runners
conformed to the allometric expression (Figure 3), and significant differences in VO;max values
with and without the application of allometric exponents were observed (Table 1). Probably
the negative relationship between body mass and VO,,.x has been influenced by
heterogeneity of body mass associated with homogeneity of the VO,,x values in this group.

4.1
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4.0
4.0
3.9
3.9

3.8 y =-0.4921x + 6.0326

7 =051185 *
3.8 *

%
37 %y
3.9 4.0 4.1 4.2 43 4.4 4.5 4.6
log body mass (kg)

log VO, ...y (L'min‘?)

Figure 3. Relationships between maximal oxygen uptake expressed in absolute
terms (VO2zmaxabs) and body mass by using allometric log-linear for 14 recreational
long-distance runners. Linear regression is shown with a 95% confidence interval.

Table 1. Time in 10000 m and physiological characteristics of 14
recreational long-distance runners *

Time in 10000 m (min:s) 43:38 £ 07:20
VOzmax (Mkg™"'min™) 52.0+4.9
VOzmax (Mkg™®">min™) 149.8 + 11.1
VOzmax (MIkg®**min™) 446.6 +29.9
Heart rate max (bpm) 189 + 16

*Values are mean + SD.

Significant differences were observed in mechanical work, with and without the application
of allometric exponents (Table 2).

Table 2. Mechanical work at 3.1 m's” of 14 recreational long-distance runners *

b=1 b=0.75 b = 0.49
Mean SD Mean SD Mean SD
Wint (JkgPm™) 0.63 +0.13 1.82 +0.39 5.43 +1.23
Wext (Jkg®m™) 1.22 +0.13 3.52 +0.45 10.53 +1.62
Wiot (Jkg®m™) 1.85 +0.22 5.33 +0.71 15.96 +2.46

Internal Mechanical Work (Wi.); External Mechanical Work (Wex); Total Mechanical Work (Wie).
Allometric exponent (b). *Values are mean + SD

Significant correlations were found between mechanical work and the performance of
recreational long-distance runners, indicating that mechanical work could be a significant
predictor of long-distance running performance in this population. However, the best
correlations values were observed principally in We, and W, especially when using the
specific allometric exponent (Table 3).
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The W, showed higher values than the W;,; (A = 51.6%), regardless of b values. Significant
correlations were found between Wi, and We, with Wy for b =1 (r = 0.86 and 0.81), b = 0.75
(r=0.84 and 0.85) and b =0.49 (r=0.83 and 0.88).

Table 3. Relationships between mechanical works and time at 3.1 m.s-1 of
14 recreational long-distance runners

r Equation

Wint (Jkg™m™) 0.38 y=1240.3W;,; + 1821.5
Wext (Jkg"'m™) 0.80 Y = 2649 Wy - 621.28
Wiet (Jkg''m™) 0.70 y = 1356.3W,ot + 98.662
Wint (Jkg®°m™) 0.44 y = 492.07Wiy + 1707.8
Wext (Jkg®"®m™) 0.83 y = 814.16Wey - 262.39
Wiet (Jkg?">m™) 0.77 Y =471.62 Wi + 86.151
Wint (Jkg®**m™) 0.50 y=175.48 Wi, + 1648.5
Wext (Jkg***m™) 0.82 y = 220.88Wey: + 275.38
Wiet (kg *¥m™) 0.78 y=139.16 Wi + 380.36

Internal (Win), external (Wex) and total (W) mechanical work. Running
Performance in 10000-m (y). p = 0.05

4.3.5. DISCUSSION

The present study examined the effect of allometric scaling on the relationships between
mechanical work and the performance of recreational long-distance runners. The main result
of our study was the ability of the mechanical work to predict the performance in recreational
long-distance runners, especially when the allometric exponents were applied.

The efficiency of locomotion is influenced not by the elastic energy storage relative to body
mass, but by the elastic energy storage relative to the mechanical work of locomotion
(Bullimore and Burn, 2005); an effect could be observed for example in Kenyan and Ethiopian
runners that often dominate middle- and long-distance events in athletics. For these subjects
running is systematically more economical because they generally have a smaller body size and
thinner lower limbs than other runners (Foster and Lucia, 2007), a result that demonstrates a
probable relationship between mechanical work and running performance, and justifies our
findings.

This important result can also be discussed in terms of the mechanical efficiency. According
to Minetti et al. (1995) humans tend to choose a stride frequency that minimizes the W;,; and
Weu, Which increases the mechanical efficiency and improves the running efficiency. The
decrease in We, is mainly due to a reduction in vertical power, and W;,; due to an increase in
stride length. According to Willems et al. (1995) the W;,; can be affected by external forces.
The two effects considered are (i) equal and opposite vertical movements against gravity and
(i) the effect of the velocity changes of the body centre of mass. Our study also demonstrated
an inverse relationship between mechanical work and performance (i. e., direct relation with
the time; see Table 3) in recreational long-distance runners, proving that the mechanical work
and running efficiency are two important factors in long-distance runners performance.
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Previous research indicates that in walking W km™ decreases with speed (Cavagna, 2010),
while Wi,ckm™ increases (Cavagna and Kaneko, 1977). Furthermore, in running, W,. is lower
than W, about 5.5 m's™, whereas at the highest speeds the reverse is true (Cavagna and
Kaneko, 1977), demonstrating the importance of this mechanical variables in running
performance. In our study We, showed higher values than W;,; for 3.1 m's™t and strongest
correlations with the performance in comparison to W;,, corroborating with Cavagna and
Kaneko (1977). In fact, in non-fatigued running, Wy, corresponding to the work necessary to
lift and accelerate the body center of mass within the environment (Saibene and Minetti,
2003), has been significantly more important than Wy, and related to inter-individual running
efficiency differences in the literature (Candau et al., 1998).

The effective mechanical advantage (EMA = r/R, where r is the muscle mechanical
advantage and R is the ground reaction force) for muscle force production also can contribute
to the understanding of the relationship between body mass and mechanical work. In a study
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conducted by Biewener et al. (2004), an association between EMA was verified and kg
body mass in humans during running. A similar b value was found in our study. Biewener
(1989) demonstrated that this relationship may be understood based on physiological
processes and a size-dependent change in locomotor limb posture: small animals run with
crouched postures, whereas larger species run more upright. By adopting an upright posture,
large animals align their limbs more closely with the ground reaction force, substantially
reducing the forces that their muscles must exert (proportional to body mass) and hence, the
forces that their bones must resist, to counteract joint moments, resulting thus in a specific b
value. According to this author, a greater energy cost during running in humans, is a
consequence of a great Wi,; and W,,; (Minetti et al., 1994), what may be explained in part by a
decrease in limb mechanical advantage.

The relationship between body mass and metabolic rate, especially the b value, has
attracted the interest of biologists and healthcare professionals throughout the world (Ingham
et al., 2008; Tartaruga et al., 2010). Our study verified a low specific allometric exponent in
maximal metabolic rate (b = 0.49, Figure 3), demonstrating that the scaling behaviour of
human metabolic rate is, to a great extent, dependent on the physiological state (Markovic et
al., 2007). Jensen et al. (2001) showed a considerable variability of b values (0.19 to 0.92) in
different sports, including running (n = 20; b = 0.59), triathlon (n = 16; b = 0.24) and walking (n
=6; b = 0.19). West et al. (1997) demonstrated that allometric scaling may be understood in
terms of bases that limit supply and/or physiological processes that contribute to the
regulation of a metabolic rate, as proposed later by Darveau et al. (2002). This demonstrates
the existence of specific allometric exponents and is contrary to the theories initially proposed
by Rubner (1883) (b = %) and Kleiber (1947) (b = %). Scaling of a maximal metabolic rate has
been related to aerobic capacity of humans and other animal species; whereas in animals and
untrained humans the largest species of individuals have the greatest aerobic capacity, the
opposite is true for human athletes, where the smallest endurance athletes exhibit the
greatest aerobic performance (Markovic et al., 2007). Thus, it is not surprising that recreational
runners or animals in general exhibit differential scaling behaviour of a maximal metabolic rate
compared to human athletes. Furthermore, the relationship between muscular activation
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during aerobic exercise and strength measurements verified by Cadore et al. (2011) suggests
that there is an interaction between running efficiency and mechanical work.

Physiologically, oxygen uptake at a given submaximal running velocity is not proportional to
body mass; i.e., the oxygen uptake per kg of body mass displayed an inverse relationship to
body mass (Bergh et al., 1991) and this is in agreement with data from animal studies (Taylor
et al., 1982), as well as from experiments involving humans (Thorstensson, 1986). In one of the
first studies that used an allometric exponent to express running efficiency, Bergh et al. (1991)
found that oxygen consumption during running is better related using specific allometric
exponents, for example, kg™ and kg3, than to kg™.

In mechanical terms, experimental evidence confirms that the contribution of elastic
energy to the mechanical work of locomotion does not increase as rapidly with size as the
mass-specific energy storage capacity, suggesting that the percentage contribution of elastic
energy to the mechanical work of locomotion decreases with size. The reason for this is that
the mechanical work of locomotion per kilogram of body mass is directly proportional to the
distance travelled (Blickhan, 1989), so that subjects with larger body size, with their longer
strides, must perform relatively more work per stride. Because each tendon can store and
return elastic energy only once per stride, this greater mechanical work will tend to offset the
greater elastic energy storage capacity of larger runners. Therefore, the contribution of elastic
energy to the mechanical work of locomotion cannot increase with size as rapidly as the
energy stored per stride, and could be greater in smaller runners, demonstrating that the
relationship between body weight and mechanical parameters is not linear and suggesting the
application of allometric models.

4.3.6. CONCLUSION

Existing research indicates that oxygen consumption does not increase proportionally to
body mass during running activities (Bergh et al., 1991; Brisswalter et al., 1996; Nevill et al.,
2004; Foster and Lucia, 2007). As such, dividing oxygen uptake by body mass may produce
erroneous interpretations when comparing individuals or groups who differ in body mass. In
weight-supported events, studies have indicated that mechanical efficiency, dependent on
mechanical work (in Jkg™m™), is clearly an important predictor of endurance running
performance. Studies have demonstrated that allometric scaling can improve the relationship
between running efficiency and performance, but the relationship between mechanical work
and performance has not yet been reported in scientific literature. This study revealed that
mechanical work may predict recreational long-distance performance and an allometric model
may improve this prediction, suggesting that the use of allometric scaling is limited according
to the aerobic capacity or morphofunctional parameters of an individual. Strategies for
improving or predicting endurance running performance are yet to be developed, although it
appears that allometric scales may be a common element that improves this prediction for
recreational long-distance runners.
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4.3.7. PRACTICAL APPLICATION

Differences in body mass account for almost 70% of the differences observed in VO;,.x and
running efficiency in recreational runners. Generally measured per unit mass basis, it reduces
the obvious disparities that will be observed in runners of differing total body mass. However,
while expressing VO,max Or running efficiency on a per unit weight basis will control for
differences in total body mass, it does not eliminate the differences in body composition,
demonstrates that an indiscriminate use of kg™ is inappropriate to compare subjects with
different body characteristics. The findings of the current study demonstrate that the
allometric model is a good method to determine and compare the endurance performance
prediction in recreational endurance runners; an alternative, simple and interesting method
that can improve the effectiveness of aerobic training.
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4.4.1. SUMMARY

The purpose was to examine the contribution of mechanical work and cost of running (C;) on
mechanical efficiency of running locomotion (ME,). Thirteen long-distance runners (male, age:
33 + 8 years; stature: 180.1 £ 5.3 cm; maximal oxygen uptake - VO, 52.8 £ 4.6 mI'kg'l'min’l)
performed a continuous incremental test to determine VO,na,, ONe running economy (RE) tests
at treadmill speeds divided into three intermittent submaximal exercises representing 50%,
70% and 90% of vWO;,max and, a supra-maximal test until volitional exhaustion at 110% of
WO,max to assess the anaerobic energy expenditure (AnE). Performance in 1000 m was
measured on the track. ME, was expressed as the ratio between the total mechanical work
(Wiet), determined cinematically by sum of internal (W;,;) and external (W.,) mechanical work,
and C.. The C, showed relationship with ME, (40.1%), followed by We. (33.8%) and Wiy
(26.1%). The result with two independent variables were similar, i.e. Wy (62.5%) and C,
(37.5%). ME, at 3.61 m's™ was 58.5% when AnE was included in the calculation of metabolic
power. When AnE was excluded, ME, was 65.5%. ME, is better predicting by mechanical work
in comparison to C,, and overestimated when AnE is not considered in the computation of
metabolic power.

4.4.2. INTRODUCTION

The increase in participation in different forms of endurance running events over the last
few decades has led to the need to better understand the factors that determine endurance
performance according to each specific profile of endurance event. Classically, the parameters
of maximal oxygen uptake (VO;ma), anaerobic threshold (AT), running economy (RE) and
mechanical efficiency (ME) have been used to predict athletes’ performance in middle- and
long-distance running events [1-3].



Allometry and performance in distance runners 81

ME reflect the chemical conversion of metabolic energy to mechanical work. In the muscle,
metabolic energy is generated through the ATPase-catalyzed hydrolysis of adenosine
triphosphate (ATP) to adenosine diphosphate. The total useable energy from the ATPase
reaction allows actin-myosin cross-bridge formation and thus enables muscle contraction. The
rate of ATP hydrolysis is reflective of the metabolic energy cost and is a key determination of
exercise intensity. The ME concept represents a unique way of understanding the complexities
of the bioenergetics of human locomotive forms such as running [4].

ME of running locomotion (ME,), expressed as the ratio between the total mechanical work
(Wiet) - traditionally considered as the sum of internal (W;,) and external (W) mechanical
work [5, 6] - and energy expenditure, has been reported between 40% and 70% [4], with
intraindividual variation between 3% and 11% [7]. These variations have been associated with
RE, which is considered to be the submaximal oxygen uptake (VOasupmax) PEr unit body weight
required for performing a given task [8, 9]. According to initial reports by Daniels [10], RE can

vary by more than 30% among runners who have a similar\./O2m£1x .

The first well known study on ME, was published in 1927 by Furusawa et al. [11]. In this
study, Wy, during sprinting was estimated by calculating the propelling force (i. e. 0.7
multiplied by body mass and, subsequently by distance), while energy cost was estimated by
directly measuring oxygen uptake during the recovery period. Using this method, Furusawa et
al. [11] reported ME, values of 35% to 45%. Currently, the W, accomplished during running
locomotion has been estimated using kinematic methods [12]. This approach is based on the
theory that the changes in kinetic and potential energy resulting in W, (the time integral of
mechanical power) [4].

Various physiological and morphological factors, such as VO;nax [13], AT [4], cost of running
(C,) [14] and body weight [15], have been proven to influence ME, and, consequently,
numerous investigations that focus on these dynamic parameters have been published.
Likewise, mechanical factors, such as W, and W, have been identified as playing an
important role in variations of ME,. For example, previous research indicates that during
running Weekm™ and Wickm™ are modified with speed [16]. Furthermore, according to
Minetti et al. [17], humans tend to choose a stride frequency that minimizes the Wi, and Wey;
this serves to increase the ME, and improve the RE. The decrease in W,y is mainly due to a
reduction in vertical power, and W;,; due to an increase in stride length.

However, despite the fact that the impact that ME; has on running performance has been
recognized since the 1920s, the relationships between mechanical work, specifically W;,; and
We, and ME, in long-distance running athletes has been poorly examined. Similarly, the
effects of body size and anaerobic contribution on the relationship between C, and ME,,
consequently running performance, remains relatively ignored in existing scientific literature
compared to other performance factors, in particular, (1) a high value of VOjnay; (2) a high
fraction of VO,nmax, Which can be sustained throughout the competition; and (3) a better RE
[18]. Authors tried to demonstrate that an indiscriminate use of the unit mI'kg'l‘min’1 is
inappropriate for the purposes of comparing RE between subjects with different body
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characteristics [19] or performance level [20], and suggested the use of kg™"> or kgb, were b is

the allometric or specific allometric exponent. In addition, an estimate of anaerobic energy
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expenditure should be considered in the computation of metabolic power when determining
ME, [4].

Therefore, to achieve a better understanding of the relationships between ME, and long-
distance running performance, we analyzed the influence of mechanical work and C, on ME, on
long-distance runners, both morphologically and metabolically. Our hypothesis was that ME,,
morphologically independent, is overestimated with the exclusion of anaerobic energy
expenditure and, consequently, the relationship between ME, and long-distance running
performance is modified during treadmill running. Furthermore, recent indirect evidence that
energy is partly conserved in human running thanks to an elastic bounce of the body [21]
allows us believe that the ME, is strongly influenced by the mechanical work, particularly
external mechanical work. We hypothesized that the greater ratio mechanical work/energy
expenditure, ME,, ascribed to major amount of elastic energy stored and high economy, would
be related to a better performance in long-distance running performance.

4.4.3. EXPERIMENTAL SECTION
4.4.3.1. SUBJECTS

Thirteen long-distance runners (male, mean = SD — age: 33 + 8 years; stature: 180.1 £+ 5.3
cm; body mass: 76.4 = 8.6 kg; body fat: 12.9 + 2.7%; training volume: 51.0 + 5.5 km'week™;
VOomax: 52.8 = 4.6 mI'kg'l'min'l) without any known orthopedic, neuromuscular, or
cardiovascular problems volunteered to participate in this investigation. Calculation of the
sample “n” was carried out using a power of 90%. Subjects read and signed a consent form
before participating in the study, which was approved by the local university’s Institutional
Ethics and Research Committee. All experimental procedures were conducted according to the
code of ethics of the World Medical Association (Declaration of Helsinki).

4.4.3.2. EXPERIMENTAL PROCEDURES

Subjects underwent three experimental laboratory sessions (sample characterization;
incremental treadmill running protocol test; running economy and supra-maximal tests) (see
Figure 1). An interval of 48 h took place between each session. The laboratory ambient
temperature (25°C) and relative humidity (53%) were controlled according to 1SO-8573-1
(International Standards). Several restrictions were imposed on the subjects: no food 3-4 h
before the tests and any stimulants or intense physical activity 12 h before each evaluation.

4.4.3.3. SAMPLE CHARACTERIZATION
Anthropometric parameters were recorded using scales and a stadiometer (Urano Model

PS-180, Porto Alegre, Rio Grande do Sul, Brazil) while the runners wore minimal clothing. The
percentage of body fat was calculated using the Siri equation [22]. Subjects were familiarized
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with 10-min of treadmill running (Quinton, Seatle, USA) at 2.22 - 3.05 m's™* and 1% grade, with
specific ergospirometric accessories.

SESSION 1

1. Sample characterization
» Anthropometric measures
»  Treadmill running familiarization

Interval 48 hours

SESSION 2

1. Maximal oxygen uptake determination test
* |Initial velocity
* Increments of 0.27 m.s”' each 1-min
*  Duration between 8 to 14-min

Interval 48 hours

SESSION 3

1. Running economy test
*  6-min at 50%), 70% and 90% of vWOzmax
(1% grade and separated by 5-min)
*  Oxygenuptake (1" to 6" min)
*  Kinematic analysis (4" to 6™ min) at 70% of wWO:max
(3.61ms” for all runners)
2. Supra-maximal exercise test
* runat 110% of maximal aerobic power

Figure 1. Laboratory sessions.
4.4.3.4. INCREMENTAL TRADMILL RUNNING PROTOCOL TEST

After a brief warm-up and 10-min rest (5-min sitting and 5-min standing), each subject
performed a continuous velocity graded test on a treadmill to exhaustion to determine AT,
VO,max and the associated velocities (v). The protocol was similar to that outlined by Tartaruga
et al. [9], whereby running tests were performed on a motorized treadmill that retained a 1%
grade. Subjects performed an initial velocity of 2.77 m's™ and this was increased by 0.27 m's™
at 1-min intervals. Load increments were calculated to reach VO,.«x between 8 and 14-min.
VO,max Was identified as the highest value to the following three criteria: maintenance in
VO,max With increase in the exercise intensity, subject could no longer sustain the workload,
and respiratory-exchange ratio > 1.0. To determine AT, ventilatory equivalents slopes for
oxygen and carbon dioxide [ventilation (VE) / VO, and VE / VCO,] were used. Three
independent reviewers assessed the AT graphs, determined the corresponding break points by
visual inspection in a blind procedure.
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Breath-by-breath respiratory parameters were recorded using a metabolic cart (MGC
Model CPX/D, St. Paul, USA). Before each test, the device was calibrated according to the
manufacturer’s instructions. O, and CO, analyzers were calibrated using ambient air and
sample gas references of 16% O, and 4% CO,. The flow sensor was also calibrated using a
syringe of known volume (3.00 L).

4.4.3.5. RUNNING ECONOMY AND SUPRA-MAXIMAL TEST

LB ERUTTLUE EELELIEE

After an initial warm-up period of 5-min at 30% of VO,.x, €ach subject performed one RE
test divided into three intermittent submaximal exercises. Each submaximal exercise consisted
of a single 6-min exercise bout at treadmill speeds representing 50% (2.7 + 0.2 m's™), 70%
(corresponding to 3.61 m's™ for all subjects and 13 + 4.9% of anaerobic threshold) and 90%
(4.8 £ 0.3 m's'l) of WO, at 1% grade and 5-min rest between each intensity. A supra-
maximal test was performed until voluntary exhaustion at 110% of maximal aerobic velocity
(VW pay) after 5-10-min of RE test.
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4.4.3.6. METABOLIC DATA

For each session of treadmill running, metabolic power (in Js') was obtained while
considering contributions from both aerobic (AE; from VO;m.) and anaerobic (AnE; from
accumulated O,-deficit) energy expenditure as described in detail by Reis and Carneiro [23]
and Keir et al. [4]. AnE was derived from the accumulated O,-deficit, as outlined by Medbo et
al. [24].

For the determination of C, (or RE), the net VO, values, which were obtained by subtracting
pre-exercise standing VO, from gross VO, and converting the result to joules using an energetic
equivalent of 20.9 JmL'0,, were determined based on the mean VO, values recorded during
the last minute at 3.61 m's™. C,, defined as the energy cost of moving 1 kg of body mass 1 m
(Jkg™'m™), was then obtained by dividing the net energy expenditure (J’kg'min™) by speed
(m'min™).

4.4.3.7. KINEMATIC DATA

Kinematic data were recorded for the last 20-sec at 3.61 m's” and W,,, and We, were
assessed using three-dimensional digital images. A total of five strides (corresponding to the
last five strides recorded in the last minute before session completion) were analyzed for each
subject. Images were recorded via four digital cameras (Casio Model EX-FH25, Okinawa,
Japan), which sampled at 240 Hz. Images were synchronized using Dvideow software [25]. For
all subjects, cameras were calibrated in a space equal to 2 m°.

Eighteen retro-reflective markers were attached bilaterally to landmarks that defined
segment extremities (immediately anterior to tragus of ear, shoulder, elbow, wrist, greater
trochanter, lateral epicondyle of femur, lateral malleolus, calcaneus, and 5" metatarsal head).
Dvideo software was used to calculate and track the three-dimensional positions of the
markers. MATLAB software (MathWorks, Version 5.3, Paris, France) was used to perform signal
processing. A low-pass Butterworth filter was used with automatic cut-off frequency selection
for each marker. The range of cut-off frequencies was 8 to 11 Hz. Linear and angular velocity of
each segment and linear velocity of body centre of mass was determined by numerical
differentiation. Values for segment mass, centre of mass position and radius of gyration were
taken from standard tables that were produced by Dempster et al. [26].

Wit individual (in J‘kg"lm’l) was obtained by calculating the sum of Wi, and Wy
considering the energy transfer between segments [5, 6]. Wi,; represents the work necessary
to accelerate the limbs reciprocally with respect to the body centre of mass during human
locomotion [14] and W, represents the work necessary to lift and accelerate the body centre
of mass within the environment [6].

Positive W;,; was computed using the method presented by Cavagna and Kaneko [5]. In
order to account for the kinetic energy changes of the segments for which the movements do
not affect the position of the overall centre of mass (i.e. symmetrical limb displacements),
Konig’'s theorem from mechanics was applied. This theorem states that the total kinetic energy
(KE) of a multi-link system can be divided into two parts: (a) the KE of the segments arising
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from their change of speed with respect to the overall centre of mass, and (b) the KE of the
overall centre of mass. Other details of the experimental design were reported by Minetti et al.
[27]. Positive W, and negative W, were obtained by summing the increments and the
decrements respectively of the total energy (gravitational potential energy (PE) + horizontal KE
+ vertical KE) curve of the body centre of mass position versus time. The W,,; was computed as
the sum of positive We, [28, 29].

The percentage efficiency of work production was computed as follows:

w
ME, =~ = x 100 (1)

T

4.4.3.8. PERFORMANCE

Performance was assessed from the best performance (fastest times) in long distance
events corresponding to 1000-m performed at the latest in the month following laboratory
testing. The testing was performed in the morning hours (between 9 a.m. and 11 a.m.) in
thermo-neutral conditions [20].

4.4.3.9. ALLOMETRIC NORMALIZATION

To understand how the morphological aspects affect the C, and Wy, allometric
normalization was employed. Allometry is the study of the relationship between size, shape
and function in organisms and was first outlined by Max Rubner in 1883, Otto Snell in 1892,
D’Arcy Thompson in 1917, Julian Huxley and Max Kleiber in 1932 [30]. Allometric scaling can
be described using the general equation y = ax”. This can be transformed into a logarithmic
linear function (log y = b " log mass + log a), where y is the absolute metabolic rate during
submaximal and maximal exercise condition, x is body mass, b is the allometric or scaling
exponent and @ is a constant characteristic for the organism, called the allometric coefficient
[31, 32].

4.4.3.10. STATISTICAL ANALYSIS

Descriptive statistic calculations are presented as means and + SD. Normality of the data
was assessed using the Shapiro-Wilk’s test. Pearson’s product-moment correlation was used to
investigate the relationships without cause-effect between ME, and mechanical (W, Wey and
W,ot) Or metabolic parameters (aerobic cost of running, C.ag; anaerobic cost of running, Coang;
total cost, C;), with and without the application of specific allometric exponents (related to
maximal and submaximal metabolic rates); and between ME, and long-distance running
performance. We performed a multiple linear regression analysis to investigate the influence
of each mechanical and metabolic parameter on ME,. An analysis of covariance (ANCOVA)
model was performed to determine allometric exponents and repeated measures analysis of
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variance, with Bonferroni’s post-hoc test was used to assess the statistical differences inter-
parameters. Analyses were performed using SPSS v.20.0, with a = 0.05.

4.4.4, RESULTS AND DISCUSSION

Anthropometric data, as well as results from the incremental treadmill running session and
performance from 10000-m, are presented in Table 1. The allometric relationships between
human metabolic rate during maximal and submaximal exercise condition with the body mass
are presented in Table 2.

Table 1 - Performance value, physiological characteristics
and results from incremental treadmill running session of 13
long-distance runners. Mean + SD.

Performance - 10 km (min:sec) 43:40 + 02:27
Age (years) 33.3+84
Height (cm) 180.1+5.3
Body mass (kg) 76.4+8.6
Body fat (%) 129+27
AT (mlkg*.min") 435+ 3.0
vAT (m-s™) 4.36+0.3
VOzmax (mlkg"'min-1) 528+46
WO 2max (m'S") 526+0.3

Note: anaerobic threshold (AT) and velocity (v).

Table 2. Logarithmic linear relationships between body mass (BM) and metabolic rate
(MR) during maximal and submaximal exercise condition of 13 long-distance runners.

Metabolic condition a b r p
BM (kg) vs. VO2max (L'Min ") -1.89 0.76 0.69 0.009
BM (kg) vs. RE (L'min"") -2.60 0.84 0.93 <0.001

Note: scaling constants (a), body mass scaling exponents (b), correlation coefficients (r)
and significance levels (p).

Significant correlations (p < 0.05) between VO,,.x and performance were observed with
and without the allometric exponent normalization (respectively for b = 0.76, r = -0.86; b =
0.84,r =-0.87; b = 1, r = -0.91). Likewise, significant correlations were found between C,, Wey
and Wy, and the performance (see Table 3), indicating that these economical parameters may
affect long-distance running performance. The specific relationship between mechanical work
and performance is affected by allometric scaling. Significant correlations (p < 0.05) between
mechanical work (We: and W) and C, were observed with and without the allometric
exponent normalization (respectively for We: b =0.76,r=-0.59; b=0.84,r=-0.67; b=1,r=-
0.75 and Wio: b=0.76,r=-0.47; b=0.84,r=-0.57; b=1, r =-0.67).
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Table 3 - Metabolic and mechanical parameters at 3.6 m's™' and relationships with
the VO2zmax and performance (10000-m) of 13 long-distance runners.

; VOazmax performance
variables mean
r P r P
Cr (Jkg®"¢m") 8.82+0.23 -0.64 0.019* 0.85* < 0.001
Cr (J'kg®84m-T) 6.25+ 0.17 -0.68 0.010* 0.84* < 0.001
Cr(Jkg*m-) 3.08+0.10 -0.74 0.004* 0.84* < 0.001

Wint (Jkg®"m-") 1.26+0.18 -0.16 0.585 0.1 0.709
Wint (Jkg®#m-') 0.89+0.13 -0.17 0.570 0.15 0.622
Wint (Jkg'm-") 0.44 £ 0.06 -0.21 0.501 0.18 0.554

Wex: (J'kg®"8m™) 3.90+0.21 -0.55 0.052 0.58* 0.036
Wex (J-kg®84mT) 277+0.15 -0.55 0.053 0.64* 0.019
Wex: (Jkg™''mT) 1.36 £ 0.08 -0.59* 0.034 0.71* 0.007

Wier (Jkg®"m-?) 5.16+£0.23 -0.64* 0.019 0.64* 0.019
Wiet (Jkg®84m-T) 3.66 £ 0.16 -0.65* 0.017 0.71* 0.006
Wiee (Jkg*'m-") 1.80 £ 0.08 -0.68* 0.010 0.77* 0.002

Note: *Significantly correlations (p < 0.05). Significant differences were verified for
the different normalization conditions (i. e. body mass scaling exponent (b) = 0.76
corresponding to maximal metabolic rate; b = 0.84 corresponding to submaximal
metabolic rate; b = 0.84 corresponding to traditional normalization) (p < 0.05).

The metabolic power significantly increased with relative speed: 667 + 128, 968 + 92, 1278
+142 and 1403 + 163 J's™ for 50%, 70%, 90%, and 110% of WO, max, respectively (see Figure 2).
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Figure 2. Relative contribution of aerobic-energy (AE) and
anaerobic-energy (AnE) metabolic pathways at 4 relative
running speeds of 13 long-distance runners. *Significant
difference in anaerobic power (relative to total metabolic
power) from 110% velocity at VO,,,,, (VWWO,.,) (p < 0.05).

AE significantly increased as speed progressed from 50% to 90% of vWO,max (p < 0.05 for all
pairwise comparisons). However, there was no difference in AE measured in the 90% and
110% vVWO;max condition (p = 0.890). The difference in metabolic power observed between 90%
and 110% vWO;,max Was explained, rather, by a significant increase in AnE between these two
speeds (117 to 249 J's™). Approximately, 95.3% of metabolic power was attributed to AE and
4.7% to AnE for 50% VWOjmax, 93.4% and 6.6% for 70% vWOjmax, 90.9% and 9.1% for 90%
VWO5max and 82.1% and 17.9% for 110% vVOax-

ME, at 3.61 m's’ (70% of WO,ma) Was 58.5 + 3.2% when AnE was included in the
calculation of metabolic power, independently of b value. When AnE was excluded, ME, was
65.5 + 4.6%; p < 0.001. The data indicates that ME, is independent of morphological aspects
and suggests an overestimation when AnE is not considered in the computation of metabolic
power. Significant correlation between ME, and performance was observed (r = 0.59, p =
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0.035), indicating that these variables affect long-distance running performance. A significant
correlation between C,, W,; and Wy, with the ME, were verified (see Figure 3).
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Figure 3. Relationships between internal (W,,,), external (W,,,), total (W,,,) mechanical work and cost of running (C,) with
the mechanical efficiency (ME,) at 3.6 ms” of 13 long-distance runners. *p < 0.05.

The relationship between the independent variables (C;, Win, Wex and W,:) and dependent
variable (ME,) was verified using multiple linear regression analysis (Table 4).

Table 4 - Results of the multiple linear regression analysis.

. Adjusted R Std. Error of . Independent
Option Model SJquare the Estimate Sig. Vafiables
1 0.337 2.5981 <0.05 Wext
A 2 0.591 2.0397 <0.05 Wext and Wint
3 0.998 0.1453 <0.05 Wex, Wintand C,
B 1 0.024 1.9504 <0.05 Wiot
2 0.998 0.1589 <0.05 Wiet and C,

Note: external mechanical work (Wext), internal mechanical work (Wint) and cost of
running (Cy).
ME, =57.834—18.770§C g+31.947gw ) +32.648(W,,,)

ME, - 57.254-18.698(C, |+ 32.663(W,, )

The overall predictive power of the model was 99.8%, with an estimated error of 0.15. The
C, showed the strongest relationship with ME, (40.1%), followed by W, (33.8%) and Wi,
(26.1%) for option A. The power of the model and estimated error with two independent
variables (C, and W.; option B) were similar, i.e. Wy, (62.5%) and C, (37.5%).

The aim of the current study was to analyze the influence of mechanical work and C, on ME,

on the performance of long-distance runners, both morphologically and metabolically. The key
findings were: (1) Wy and C, are strong predictors of ME,; (2) the exclusion of AnE in the
calculation of metabolic power yielded significantly greater values of ME,; (3) C, is not affected

by allometric scaling, contrary to the correlations between W, and W, with long-distance
running performance; (4) ME, is not affected by allometric scaling. To the best of our
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knowledge, no study has examined the relationships between mechanical work, specifically
Wi and W, in separated, and ME, in long-distance running athlete, as well as the effects of
body size and anaerobic contribution in ME; and running performance.

The first finding of this study was an observed change in the metabolic rate and body mass
relationship as an organism moves in maximal and submaximal metabolic conditions. In the
maximal metabolic condition, we observed an allometric exponent of 0.76 and, in the
submaximal condition, a b value of 0.84. Similar scaling behaviour of metabolic rate in athletic
population was also observed by Paterson et al. [33], Bergh et al. [19] and Markovic et al. [20],
who reported submaximal metabolic rate scales with higher mass scaling exponent than
maximal metabolic rate. These results suggest that the cardiovascular system of smaller
athletes has a greater capacity to raise metabolic rate above those at rest, not larger ones, as
suggested by Weibel [34] and experimental results [35, 36].

C, showed significant positive correlation with long-distance running performance, and the
allometric model did not affect this relationship. RE, which is classically assessed in terms of
the energy required to run at a given submaximal velocity [37] or the metabolic energy
expended per unit of distance [38], is an important factor that can be used to predict middle-
and long-distance running performance [9, 39-42]. According to initial reports by Daniels [10],
RE can vary by more than 30% among runners who have a similar VO,,.x, and its relative
contributions are not affected by alterations to body weight [43, 44]. However, a consensus
has not yet been reached on this argument. Bergh, Sjodin, Forsberg and Svedenhag [19] found
that oxygen consumption during running is better related using specific allometric exponents,
for example, kg™ and kg”, than to kg. Another possible confusing factor in the use of
allometric scaling to assess oxygen consumption could be due to differences in aerobic
capacity among subjects (i.e. untrained or moderately trained vs. runners that compete at a
high level) [20]. In a recent study that analyzed the allometric relationship between oxygen
consumption (ranging from rest to maximal condition) and body mass in trained and untrained
individuals, Markovic et al. [20] found that the allometric model may be useful as a means of
assessing oxygen consumption in untrained individuals, whereas it has no effect on trained
athletes.

The mechanical work, especially the W, and Wy, showed significant correlations with
long-distance running performance, and these relationships were affected by allometric
model. Effects of body dimensions on mechanical work are probably due to the influence of
body size on biomechanical variables of running technique [9]; for example, the angle of
contact with the ground (i.e. the angle of the link between the point of contact and the hip,
relative to the vertical) and its relationship with the deceleration of the body each step and,
consequently, with mechanical work [45].

During running, Wi, is 15-20% lower than the W,,;, about 5.5 m's?, whereas at the highest
speeds the reverse is true [5, 11]; this demonstrates the important impact that these
mechanical variables have on running performance. In our study, the W, exhibited greater
values than the W,, for 3.61 ms™ and stronger correlations with the performance; this
corroborates with the work of Cavagna and Kaneko [5]. In non-fatigued running, the Wy,
corresponding to the work necessary to lift and accelerate the body center of mass within the
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environment [6], has been significantly more important than the W;,, and related to inter-
individual RE differences in the literature [46]. In fact, runners with better RE may present
higher values of mechanical work and, consequently, better ME, [47].

The relative contributions of energy release from AnE and AE that were observed for each
percentage of vWO,nax (Figure 2) are consistent with previous reports [4, 48]. Estimating the
accumulated O,-deficit is a noninvasive indirect method of obtaining AnE during running bouts
[24] and has been used in the past to determine AnE during brief exercise sessions. While it is
acknowledged that the accumulated O,-deficit method used in the current study is not without
its shortcomings, it remains the best noninvasive method of quantifying AnE during a session
of constant-speed exercise [49].

Using the proposed model, ME, was significantly different form 50% vVO,.x at the 90% and
110% relative speeds; however, no other differences were observed with respect to speed.
The ME, values during treadmill running obtained within the current investigation are similar in
magnitude to those obtained in existing literature (~40-75%) [4, 5, 49]. The maximal value of
ME, of the contracting muscle during locomotion has been considered to be approximately
30% [47]. The high value of ME, (~¥55-65%) obtained in the current study may stem from the
kinematic method applied in quantifying mechanic power [4]. Nevertheless, the contribution
of AnE expenditure cannot be overlooked when calculating the metabolic power component of
treadmill running and likely other forms of human locomotion.

The principal finding of this study concerned the strong relationships between metabolic
and mechanical parameters and ME,. Significant positive correlations between mechanical
work and ME,, and an inverse correlation between C, and ME,, were verified (see Figure 3). The
multiple linear regression analysis (Table 4) showed that mechanical work and C, are predictors
of ME,, with an overall predictive power of 99.8%.

In adults, ME, increases steadily with speed, from about 45% at 2.5 m's™ to 65% at 5.5 m's ™,
assuming a C, of 4.18 Jkg™m™ (i.e. 1 kcalkg km™), suggesting that positive work derives
mainly from the passive recoil of muscle elastic elements and, to a lesser extent, from the
active shortening of the contractile machinery [5]. Furthermore, changes in the C, can increase
or decrease the ME,, depending upon the effect of the zero-speed intercept [45]. The ability to
convert chemical energy into positive work is equal in children and adults [45], and the value
of the ME, is independent of age and body size [50]. During steady-state running, some of the
potential and the kinetic energy absorbed during negative work is stored and recovered during
positive work (W) [5, 45], and this can justify the strong relationship between W, and ME,
that was verified during our study. In fact, the efficiency of positive work production during
running is greater than the metabolic efficiency [50], principally during treadmill running [3].

4.4.5. CONCLUSION

Determining a “true” efficiency value for running is difficult, since this involves many elusive
factors such as mechanical energy transfer, elastic energy utilization, and energy cost [11].
However, regardless of the method used to calculate the ME,, it seems that the W,.; and C, are
the key predictor variables. Likewise, the ME, is dependent of RE. Furthermore, we



Allometry and performance in distance runners 92

demonstrated in the current study that estimates of AnE should be taken into account when
calculating the metabolic power of the ME, model. AnE contributes a significant amount of
energy in treadmill running at speeds ranging form submaximal to supramaximal. This
contribution reduces the ME, values, suggesting that an estimate of AnE should be considered
in the computation of metabolic power when determining ME during treadmill running, as its
exclusion leads to overestimations of ME, values, as demonstrated by Keir et al. [4]. Finally, in
weight-supported events, studies have indicated that mechanical efficiency, dependent of
mechanical work (in Jkg™m™), is clearly an important predictor of endurance running
performance. Studies have demonstrated that allometric scaling can improve the relationship
between ME, and performance. This study revealed that W;,; may predict recreational long-
distance performance and an allometric model may decrease this prediction, suggesting that
the use of allometric scaling is limited according to the morphological or biomechanical
parameters of a long-distance runner.
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A partir dos resultados apresentados nos trés estudo originais, conclui-se que a escala
alométrica pode melhorar a relagdo entre ECO e desempenho em meia e longa-distancia,
principalmente de corredores recreacionistas, devido a influéncia dos aspectos
morfofuncionais no desempenho fisico. Da mesma forma, para esta mesma populagdo, os
trabalhos mecanicos, especialmente o W, podem ser considerados preditores do
desempenho, e um expoente alométrico especifico pode melhorar essas predi¢cdes. Em relagao
a Ef, os resultados demonstraram que, assim como ocorre com a ECO e com os trabalhos
mecanicos, esta também é uma importante varidvel preditora do desempenho em provas de
longa-distancia. Entretanto, quando aplicada a alometria, ndo houve melhora na predi¢ao do
desempenho advindo da Ef. Os resultados também demonstraram que para o calculo da Ef
deve-se considerar a contribuicio da AnE pois, do contrario, os resultados podem ser
superestimados, como ja verificados em outros estudos. Em suma, quando o objetivo for
predizer o desempenho de corredores recreacionistas, meio-fundistas ou fundistas, através
das poténcias metabdlica ou mecanica, sugere-se adotar um expoente alométrico especifico
do grupo investigado. No entanto, quando essa predi¢dao for realizada considerando-se a Ef,
especificamente em corredores de alto-rendimento, a aplicagdao alométrica ndo é necessaria.
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The Relationship Between Running Economy and
Biomechanical Variables in Distance Runners
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Carlos Leandro Tiggemann, Eduardo Marczwski Silva, and Luiz Fernando Martins Kruel

In this study, we analyzed the relationship between running economy (RE) and biomechanical parameters in a group running at the

same relative intensity and same absolute velocity. Sixteen

male long-distance runners performed a test to determine RE

at 4.4 m.s", corvesponding to 11.1% below velocity at the ventilatory threshold. We found significant correlations between RE and
biomechanical variables (vertical oscillation of the center of mass, stride frequency, stride length, balance time, relative stride length,
range of elbow motion, internal knee, ankle angles at fool strike, and electromyographic activity of the semitendinosus and rectus
femoris muscles). In conclusion, changes in running technique can influence RE and lead to improved running performance.

Key words: electromyography, kinematics, locomotion,
oxygen uptake

Running economy (RE) is typically defined as the
energy required to run submaximally at a given veloc-
ity and is determined by measuring steady-state oxygen
consumption (VO,) and the respiratory exchange ratio.
Considering body mass when running at the same velocity,
runners with good RE spend less energy and, therefore,
less oxygen than runners with poor RE (Saunders, Pyne,
Telford, & Hawley, 2004). A number of factors (Saunders,
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Pyne, Telford, & Hawley, 2004) and interventions (i.e.,
training, motor learning, nutrition strategies) appear
to influence RE in highly trained or elite runners (Di
Prampero, Atchou, Bruckner, & Moia, 1986; Hausswirth
& Brisswalter, 2008).

RE performance during long-distance running has
been studied extensively, and results suggest it is an im-
portant factor in explaining performance in long-distance
events (Conley & Krahenbuhl, 1980; Di Prampero et al.,
1986; Di Prampero, 1986; Sawyer et al., 2010). In these
studies, RE was recorded during a submaximal intensity
exercise performed by runners at the same relative in-
tensity (expressed in percent of velocities reached with
maximal oxygen uptake [VO,max] or corresponding to
the ventilatory threshold [VT]). However, these relative
velocities represent different absolute running velocities
and, thus, distinct levels of mechanical demand.

On the other hand, a second approach sought to
relate RE changes with biomechanical parameters, such
as the temporal or spatial characteristics of the running
pattern (Williams & Cavanagh, 1987), ground reaction
force (Nummela, Keranen, & Mikkelsson, 2007; Num-
mela, Rusko, & Mero, 1994), capacity to store and return
elastic energy (Gleim, Stachenfeld, & Nicholas, 1990), or
total mechanical work (Mian, Thom, Ardigo, Narici, &
Minetti, 2006; Minetti, Ardigo, & Saibene, 1994). In all
these studies, RE was recorded for all runners at the same
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absolute running velocity, although it would correspond to
different physiological intensities and, thus, distinct levels
of metabolic demand. Although several studies analyzed
the relationship between RE and biomechanical param-
eters, the results were contradictory, and few studies found
asignificant relationship between the kinematic variables,
muscle activity in the lower limbs, and RE in long-distance
runners (Cavanagh, Pollock, & Landa, 1977; Cavanagh &
Williams, 1982; Kyrolainen, Belli, & Komi, 2001).

By analyzing the relationship between RE and the
mechanical and neuromuscular variables in participants
running at the same velocity, as well as the increased
electromyographic signal (EMG) of the working muscles
and associated increase in power output, it may be pos-
sible to partly explain the variation in energy expenditure
(Kyrolainen et al., 2001) that may account for up to 30%
of performance in distance runners (Conley & Krahen-
buhl, 1980; Saunders, Pyne, Telford, & Hawley, 2004).
The increased fractional use of VO,max is immediately
accompanied by an increase in amplitude of the elec-
tromyographic signal; therefore, the different relative
intensities may account for this relationship.

Analyzing within-participant effects, Cavanagh and
Williams (1982) found submaximal oxygen uptake
(VO,submax) increased curvilinearly as stride length
either lengthened or shortened from what the runner
selfselected. They concluded there is little need to dictate
stride length for well trained athletes, as they display near
optimal stride length. However, when analyzed between
participants, velocity directly influences kinematic pa-
rameters. For instance, Cavanagh etal. (1977) found that
elite runners showed less vertical oscillation, were more
symmetrical, and had better RE. On the other hand, Ky-
rolainen et al. (2000) reported that some biomechanical
parameters (angular velocities and ankle, knee, and hip
joint displacements) were not good predictors of RE.
Again, athletes performed the tests at the same speeds
but at different physiological intensities. Therefore, to
achieve a better understanding of the variables involved
in long-distance running performance, we analyzed the
relationship between RE and biomechanical variables in
experienced distance runners, who ran at the same abso-
lute velocity with similar physiological intensity.

Method

Participants

The study sample comprised 16 healthy male vol-
unteers. All were long-distance runners and members
of the Athletic Federation of Rio Grande do Sul-Brazil,
with times between 30 and 36 min achieved in national
competitions (10,000 m) 2-5 weeks prior to the evalua-
tion period, with similar speeds at the VT (verified in an
incremental treadmill running protocol), and who were

free of nutritional restrictions. Participant characteristics
were (Mage = 27 years, SD = 5.7; M body mass = 64.5 kg,
SD = 5.8; M height = 1.74 m, SD = 0.08; M leg length =
0.82 m, SD=0.04; Mbody density = 1.08 g.ml", SD=0.01;
Mbody fat =9.11%, SD = 1.48; M training volume = 66.8
km.week!, SD = 13.6; M experience = 7.7 years, SD = 3.2;
and MVO,max in treadmill running = 56.36 ml.kg".min",
SD = 4.7). Prior to giving their written consent to partici-
pate, all participants were fully informed of the purpose,
nature, practical details, and possible risks associated
with the experiment, as well as their right to terminate
participation at will. The institution’s Research Ethics
Committee approved the present study according to the
Declaration of Helsinki.

Experimental Design

Participants took part in two experimental sessions
(see Figure 1) at 2-week intervals. They wore their own
spikeless training shoes. The ambient temperature (25°C)
and relative humidity (53%) were controlled according
to ISO-8573-1 (International Standards).

Preliminary Test. First, anthropometric parameters
were recorded (body mass, height, and leg length), using
scales and a stadiometer (FILIZOLA, Sao Paulo, Brazil).
The percentage of body fat was calculated using the Siri
equation (1993). Body density was calculated using the
Jackson and Pollock equation (1978). All athletes per-
formed a treadmill running familiarization session with
specific ergospirometric accessories.

Incremental Treadmill Running Protocol. After a brief
warm-up and 10-min rest (5 min sitting and 5 min stand-
ing), participants performed a progressive protocol with
an initial velocity of 2.7 m.s”, in which speed was increased
by 0.27 m.s" at 1-min intervals and treadmill incline was
fixed at 1% (Peyré-Tartaruga et al., 2009). Load incre-
ments were calculated to reach VO,max at between 8
and 14 min. The VO,max attainment criteria described
by Howley, Bassett, and Welch (1995) were adopted. Re-
spiratory parameters were continuously recorded using
a portable ergospirometer (AEROSPORT-KB1-C, Ann
Arbor, MI), with a sampling rate of 20 s. The gas analyzer
was calibrated prior to each collection session according
to the manufacturer’s specifications (King, McLaughlin,
Howley, Bassett, & Ainsworth, 1999).

To determine VT, ventilatory equivalents (VE/VO,
and VE/VCO,) for each participant were plotted over the
corresponding VO, values. Three independent reviewers
assessed VT graphs.(Foster & Lucia, 2007; Powers, Dodd,
Deason, Byrd, & Mcknight, 1983; Solberg, Robstad, &
Skjonsberg, 2005).

Running Economy Determination Test. The RE test (in
mlkg'.min"') consisted of a 6-min run at 4.4 m.s', on a
treadmill (MOVEMENT-RT250, Sao Paulo, Brazil). This
velocity corresponded to a physiological intensity of 89%
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of the average velocity at VT (5 m.s"), corresponding to a
predominantly aerobic intensity for all participants. Indi-
vidual RE was determined based on the mean VO, submax
values recorded during the last 2 min of the test. Asin the
incremental treadmill running protocol, the gas analyzer
was calibrated prior to each collection session.

Electromyographic Recordings

Maximal activation of the rectus femoris (RF), vas-
tus lateralis (VL), semitendinosus (ST), and short head
of the biceps femoris (BF) muscles was determined for
later normalization of the EMG signal obtained in the
support and balance phases (%MVC), by performing a
maximal voluntary contraction (MVC) test. These tests
were conducted on land before and after the exercise
protocol and consisted of a 5-s contraction of the muscle
groups, in which each of the muscles mentioned acted
as an agonist. Pretest MVC values were used for further
normalization of the EMG signal (Knutson, Soderberg,
Ballantyne, & Clarke, 1994).

The angles with highest torque production, measured
with a goniometer (CARCI; Sao Paulo, Brazil), were identi-
fied based on the force-length relation (Fenn & Marsh,

1935) and adjusted so that they could be maintained
during MVC performance against manual resistance in
both flexion and extension directions. In addition, these
angles were within the range of motion performed dur-
ing the protocol. For the RF and ST muscles, the EMG
signal was recorded as participants lay face-up with 90°
of hip flexion. For the RF, the knee maintained 90° of
flexion, with isometric contraction of the hip flexors.
For the ST muscle, the knee maintained full extension
(0°), with isometric contraction of the hip extensors.
Afterward, participants were seated, with 90° of hip and
70° of knee flexion to record the EMG signal from the
VL and BF muscles.

Pairs of Ag/AgCl pregelled surface electrodes (radius
=10 mm; TYCO HEALTHCARE, Hampshire, England)
were applied after the innervation zone had been deter-
mined by using an EGF 4030 electric stimulator (CARCI,
Sao Paulo, Brazil; Dainty & Norman, 1987). The electrode
centers were placed 30 mm apart. Before each session, a
digital multimeter was used to measure the interelectrode
resistance level, which is considered suitable below 3,000
ohms. The reference electrode was positioned on the
clavicle, and bipolar electrodes were placed 2 cm distal
from the innervation zone.

PHASE 1

1. Anthropometric measures

2. Treadmill running familiarization

@ Interval two weeks

SESSION 1

1. Maximal oxygen uptake determination test

* |Initial velocity

* Increments of 1 km.h-* each 1 min
* Duration between 8 to 14 minutes

@ Interval two weeks

SESSION 2

. Determination of innervations zone

. Determination of maximum voluntary contraction

1
2
3. Reflexive markers
4. Running Economy determination test
* 6 minutes at 16 km.h!
* Oxygen uptake (1st to 6t)
* Shooting (3 to 6th)
* EMG signal (4" to 6t)

Figure 1. Experimental protocol.

— > Corresponding to 11.1%
below the velocity at the
anaerobic threshold
(VT) for all runners
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The EMG signals from the RF, VL, ST, and BF in the
support and balance phases were recorded during the
last 2 min of the run, using a portable electromyograph
(MIOTEC, Porto Alegre, Brazil) with four channels (2000
Hz per channel) and a common rejection mode greater
than 126 dB. The data were treated in SAD32 software
(Mechanical Measurements Laboratory, UFRGS; Porto
Alegre, Brazil). First, signal gains in the raw files were
removed. Then the signal was digitally filtered using
fifth-order band-pass Butterworth filters with a cut-off
frequency between 20 and 450 Hz.

Visual inspection determined participant’s foot strike
and take-off events in three stride cycles, following the
third stride after the fourth minute. Root mean square
values (RMS) were obtained for the support and balance
phases. The RMS value is used to quantify the EMG signal
(Krogh-Lund & Jorgensen, 1991).

Kinematic Analysis

We adopted use of 13 reflective markers, 9 on the
left sagittal plane (ear, shoulder, elbow, wrist, hip, knee,
ankle, heel, and finger) and 4 in the posterior frontal
plane of the left leg (2 points on the heel and ankle, 1
point placed one third from the distal portion of the gas-
trocnemius muscle, and 1 point where the gastrocnemius
muscle originates, as described by Peyré-Tartaruga et al.,
2009). During the RE test, kinematic variables (stride time,
support time, balance time, stride length, relative stride
length, stride frequency, internal knee and ankle angles
at foot strike and take-off, maximum trunk flexion and
maximum knee flexion in the support phase, range of
elbow motion during the stride, maximal pronation of
the subtalar joint, and vertical oscillation of the center of
mass and external mechanical work) were recorded by two
digital cameras (sagittal and posterior frontal planes, 120
Hz; Pulnix Progressive Scan, San Diego, CA). Magnitudes
of the kinematic variables were recorded during the last
2 min of the run. The support and balance phases were
visually identified during three stride cycles. The center of
mass was calculated from the relative position of the body
segments (Willems, Cavagna, & Heglund, 1995).

Recordings of the posterior frontal and left sagittal
planes were digitized using DVIDEO software (Laboratory
of Biomechanics & Institute of Computing, UNICAMP,
Sao Paulo, Brazil). Running technique variables were
calculated using three routines developed in MATLAB
software, in which a Butterworth filter (fifth order), with
a cut-off frequency of 5 Hz, was applied (Winter, 1990).
The external mechanical work was also determined using
the method from Willems, Cavagna, and Heglund (1995).

Statistical Analysis

Descriptive statistic calculations are presented as
means and standard deviations. Normality of the data was

assessed using the Shapiro-Wilk’s test. We used Pearson’s
productmoment correlations to analyze the relationship
between RE and the kinematic or muscular variables.
For variables that presented significant values of o < .25,
we performed a multiple linear regression analysis to
determine the influence of each independent variable
on RE. Hosmer and Lemeshow (2000) recommended
the significance level for this type of analysis.

Results

There were significant correlations between RE (M=
44.85 mlkg'.min", SD = 4.7) and performance variables
(time at 10,000 m: M= 1,994 s, SD = 150; M VO, max =
56.54 mLkg".min™, SD=4.7; MVO, at VT = 49.60 mLkg".
min’, SD = 5.4), dcmonstrating.lhat RE can predict
performance in long-distance running (see Figures 2,
3, and 4). The highest correlation was between RE and
performance, because the variability of time at 10,000 m
was lower (SD = 7.5% of average) compared to VO,max
(8.3%) and VO, at VT (10.8%). Mean velocity at VO, max
was 5.93 m.s’ (SD=0.3), and mean velocity at VT was 5.01
m.s' (SD=0.3).

There were significant correlations between RE and
some kinematic variables (vertical oscillation of the center
of mass: r = .65; stride frequency: r = -.61; stride length:
r=.61; balance time: r=.61; relative stride length: r=.46;
range of elbow motion: r = .42; internal knee angle at
foot strike: r=-.41; and internal ankle angle at foot strike:
r=-.32) and between RE and muscular variables (RMS
of the ST, r=.59, and RMS of the RF, r=-.36, at balance;
and RMS of the ST at support, r=.34; see Table 1). In this
study, 44.4% of kinematic variables and 66.6% of muscular
variables showed a significant correlation with RE.

‘When using multiple regression analysis, 81% of the
kinematic variables and 19% of the muscular variables
were included in the RE prediction model. The overall
predictive power of the multiple linear regression analysis
model was 85.5%, with an estimated error of 2.52. The
variables, stride frequency, stride length, internal knee
angle at foot strike, percentage of maximum voluntary
contractions of the ST muscle (%MVC ST) at support,
vertical oscillation of the center of mass, and range of
elbow motion showed the highest relationship with RE
(see Table 2).

Discussion

We designed the present study to investigate the
relationships between several biomechanical parameters
and RE in endurance athletes. Running involves the con-
version of muscular forces translocated through complex
movement patterns that use all major muscles and joints

Copyrighted Material:

370 Not for Reprint or Redistribution

Tartaruga.indd 370

RQES: September 2012

@ 9/5/2012 12:22:00 PM‘ ‘



Allometry and performance in distance runners 105

‘ ‘ Tartaruga.indd 371

@

Tartaruga, Brisswaltes; Peyré-Tartanga, Avila, Alberton, Coertiens, Cadore, Tiggemann, Silva, and Kruel

Copyrighted Material: Not for Reprint or Redistribution

in the body. Skill and precise timing are required for
high performance running in which all movements have
purpose and function (Anderson, 1996). Clearly, chang-
ing aspects of running mechanics that result in a runner
using less energy at any given speed is advantageous to
performance (Cavanagh & Williams, 1982).

Several relationships between biomechanical param-
eters and RE have been studied. The most frequently
analyzed has been the relationship between stride length
and/or stride frequency and RE (Nummela et al., 1994;
Nummela et al., 2007; Williams & Cavanagh, 1987). In
our study, stride frequency and length showed significant
relationships with RE (r=-.61 and r= .61, respectively). Ac-
cording to the multiple regression analysis, these variables
correspond to 28% and 23%, respectively, of the overall
influence of biomechanical parameters on RE.

Cavanagh and Williams (1982) and Nummela et
al. (2007) reported that the relatively efficient patterns
used during running indicate either an adaptation to the
chosen stride length through training (biomechanical
adaptation) or asuccessful process of energy optimization
(physiological adaptation). These adaptations result in a
negative relationship between stride frequency and RE
and a positive relationship between stride length and RE.
Moreover, Bailey and Pate (1991), Saunders etal. (2004),

2150 1
r= 801
p<.001
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Figure 2. Correlation between submaximal oxygen consump-
tion (VO,submax) and performance.

Dallam, Wilber, Jadelis, Fletcher, and Romanov (2005),
and Chen, Nosaka, Lin, Chen, and Wu (2009) showed
that elite male distance runners had a better combination
of stride frequency and length compared with good male
distance runners and, consequently, a better RE. The
strong correlations of stride frequency and length with
RE and better combinations between stride frequency and
stride length seen in our sample was probably due to their
considerable professional experience, which corroborates
findings in the literature.

Many studies have demonstrated that support and
balance times are key factors affecting running ener-
getics and mechanics (Morin, Samozino, Zameziati, &
Belli, 2007). In their investigation of the relationships
between support time, step frequency, and leg stiffness
in human running, Morin et al. (2007) showed that sup-
port time, associated with balance time, could be a major
determinant of this spring-mass characteristic of human
running. Similarly, Clarke (1991) indicated that, during
locomotion, the running technique is adjusted by changes
to stride length and stride time, variables influenced by
support and balance times. In our study, balance time
presented a significant correlation (r=.61) and a predic-
tive power of 3.2% with the RE. This correlation probably
influenced the relationship between stride length and RE

70.5 7
r=.525
p<.021
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Figure 3. Correlation between submaximal oxygen consump-
tion (VO,submax) and maximal oxygen consumption (VO,max).
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in our runners. The increase in balance time may resultin
decreased stride frequency, increased stride length, and,
consequently, increased RE, as suggested by our results.
The mechanical work performed during exercise has
often been studied in relation with RE. For this purpose,
different models, such as the center of mass, segment-
based, or kinetic models, have been used (Martin, Heise,
& Morgan, 1993). In the center of mass model, vertical
oscillation of the center of mass can be used to reflect the
mechanical work. For example, Cavanagh et al. (1977)
found that elite runners showed less vertical oscillation,
were more symmetrical, and had better RE. However,
Williams and Cavanagh (1987) analyzed the relationship
between running mechanics, RE, and performance in 31
participants running at 3.6 m.s" and reported that those
with the best RE had greater vertical oscillation of the
center of mass. Cavagna, Heglund, and Willems (2005)
reported that less vertical oscillation results in: (a) higher
stride frequency, (b) lower variation of external energy,
and (c) higher internal work to accelerate segments
within the center of mass, thus, increasing the metabolic
cost of running. Our results are in agreement with this
hypothesis, and there was a significant correlation (r=.65)
between vertical oscillation of the center of mass and RE,
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50.5 1

50.0
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VO at VT (ml.kg-'.min"")

40.0 1

30.5 1

Au
7
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VOzsubmax (ml.kg'.min"")

Figure 4. Correlation between submaximal oxygen con-
sumption (VO,submax) and VO, at ventilatory threshold (VT).

as well as 7.2% predictive power, indicating that greater
vertical oscillation is linked to a decrease in metabolic
demand. We found significant correlations between in-
ternal knee and internal ankle angles, both at foot strike
and RE (r=-.41 and r=-.32). These parameters predict
12.7% and 0.6% of RE in the multiple model, respectively.
These findings corroborate those of Kyrolainen et al.
(2001) and Gollhofer, Komi, Miyashita, and Aura (1987),
who reported that greater muscular-tendon rigidity and
lower degree of joint absorbency during athletic walking
result in greater energy spent during treadmill running.

One interesting result of our study using kinematics

analysis is the positive relationship between the range of

Table 1. Pearson product-moment correlations between
running economy and biomechanical variables

Biomechanical variables M SD r P

Stride time (s) 069 0.04 .608 .012*
Support time (s) 021 0.01 .058 .832

Balance time (s) 048 0.03 613  .012*
Stride length (m) 307 0.16 .608 .013*
Relative stride length (m) 374 024 461 072"
Stride frequency (pass/s) 145 008 -613 .012*
Internal knee angle

at foot strike (°) 15926 6.12 -409  .115¢
Internal knee angle

at take-off (°) 156.71  4.04 -006 .984
Internal ankle angle

at foot strike (°) 12199 6.64 -318  .230°
Internal ankle angle

at take-off (°) 13898 8.16 -030 913
Maximum knee flexion in

the support phase (°) 12812 1232 -239 372
Maximum trunk flexion

in the support phase (°) 14.86 4.32 182 500
Range of elbow motion (°) 38.84 12.60 418 107"
Maximal pronation of

the subtalar joint (°) 1169 456 122 653

Vertical oscillation of the

center of mass (m) 952 1.00 651 .006*
External mechanical

work (J) 099 008 -346 .289
%MVC RF at support 13.44 354 -086 .750
%MVC VL at support 14.08 5.28 -068 .802
%MVC ST at support 2714 498 .340  .198*
%MVC BF at support 19.89 3.63 095 726
%MVC RF at balance 1438 199 -364 .166"
%MVC VL at balance 39.36  4.47 .037  .893
%MVC ST at balance 3431 433 593 .015*
%MVC BF at balance 30.14 435 .014 959
EMG total (Mv) 1247.70 76.00 340 298

Note. M= mean; SD = standard deviation; %MVC = percent-
age of maximum voluntary contractions; RF = rectus femoris;
VL = vastus lateralis; ST = semitendinosus muscle; BF =
biceps femoris; and EMG = electromyographic.

*Variables with o < .25.
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elbow motion during stride and RE (= .42). Furthermore,
we found a significant relationship (r=.54) between the
range of elbow motion and stride length, indicating that,
in part, participants with a shorter stride have a shorter
arm movement. Arm movement is an important factor
contributing to reducing oscillations in the transverse
plane (Umberger, 2008) and increasing equilibrium of
lower limb angular momentum over the body’s verti-
cal axis (Hinrichs, 1987) while running, resulting in
enhanced global body equilibrium. Within this context,
it has been observed that participants who use a short
range of motion in the shoulder and elbow joints when
running tend to have greater postural disequilibrium and,
consequently lower RE (Tartaruga, Tartaruga, Ribeiro,
Coertjens, Ribas, & Kruel, 2004).

Analysis of surface EMG activity has been used to
study running technique (Hausswirth, Brisswalter, Vallier,
Smith, & Lepers, 2000). When investigating kinematics,
kinetics, and muscle activity in relation to RE at different
running speeds, Kyrolainen etal. (2001) found significant
correlations (range: r=.45-.48) between RE and muscular
electrical activation, suggesting a positive relationship in
runners with good running technique. However, Hauss-
wirth, Bigard, and Guezennec (1997), compared the EMG
signal of the VL. muscle in 7 participants during the run-
ning section of a triathlon and at the end of a prolonged
run performed at the same running velocity. They found
greater values for VO,submax, RMS, and heart rate during
the prolonged run Eomparcd to the triathlon run, sug-
gesting a negative relationship between RE and muscular
electrical activation. The contrasting findings reported in

Table 2. Results of the multiple linear regression analysis

Biomechanical Adjusted Relationship
variables coefficients (%)
Stride frequency 2.275 28.3
Stride length 1.848 23.0
Internal knee angle

at foot strike 1.022 12.7
%MVC ST at support 0.911 1.3
Vertical oscillation of

the center of mass 0.580 72
Range of elbow motion 0.447 5.6
%MVC RF at balance 0.346 4.3
%MVC ST at balance 0.276 3.4
Balance time 0.252 32
Internal ankle angle

at foot strike 0.049 0.6
Relative stride length 0.021 04
Total 100.0

Note: %MV C = percentage of maximum voluntary contrac-
tions; ST = semitendinosus muscle; RF = rectus femoris
muscle; variable related: oxygen uptake at 4.4 m.s™'; variable
excluded by the regression model: stride time (o > .05).

these studies may be related to different motor activation
patterns and, consequently, different running techniques.

In our study, the EMG values had an overall predictive
power of 19.1% in relation to RE. There were significant
correlations between RE and RMS values of the ST in the
support (11.3% for r=.34) and balance (3.4% for r=.59)
phases and between RE and RMS values of the RF in the
balance phase (4.3% for r=-.36).

The ST is a biarticular muscle activated during hip
extension and knee flexion. It allows the gluteus maximus,
in the support phase, and the semimembranosus and BF
muscles, in the balance phase, to diminish electrical mus-
cular activation during the stride, consequently increasing
RE (Thompson & Floyd, 1998). Furthermore, specific
training to improve the neural component (motor unit
recruitment patterns and augmentation in action poten-
tial conduction velocity over the muscle), to obtain greater
efficiency from the ST muscle could also contribute to
increasing RE and, thus, enhanced performance.

Besides acting as a knee extensor at the end of the
balance phase, the RF acts as a powerful hip flexor, mainly
during the contact phase, leading the center of mass to
be projected forward (Montgomery, Pink, & Perry, 1994;
Thompson & Floyd, 1998). Nevertheless, its action is
considered auxiliary, due to the action of the iliopsoas
muscle, mainly during knee extension at the end of
the balance phase. Its contribution to knee extension is
probably greater in relation to the hip flexion, making its
relationship with the RE significant in the balance phase.

We found no significant relationship between the
BF and VL muscles and RE. It is possible the ST actions
during the support and balance phases and the RF in the
balance phase are the main actions that influence RE, re-
ducing the BF and VL actions (monoarticular muscles) in
the support and balance phases. This may occur because
the RF, according Montgomery etal. (1994) and Thomp-
son and Floyd (1997), acts by eccentrically assisting the
iliopsoas muscle during the support phase, decreasing the
relationship with RE.

Conclusion

Our study showed changes in running technique and
muscle activity related with RE in experienced 10,000-m
runners at intensities below VI. While training for long-
distance running, reduction in stride frequency and in-
crease in stride length may enhance performance due to
the increased RE. We identified exclusive biomechanical
parameters to explain RE. This has important implications
that should be considered when coaches or athletes make
alterations to running technique.
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ABSTRACT: Background: The aim of the current study was to determine the allometric exponents for runners
and rower's metabolic cost, while also verifying the relation of performance with and without the allometric
application. Methods: Eleven runners (age: 22.3+10.4 years; height: 174+8.8 cm; body mass: 61.7+9.3 kg;
maximum oxygen uptake (VO,max): 56.3+3.9 mlkg™'min") and fifteen rowers (age: 24+5.4 years; height:
185.5+6.5 cm; body mass: 83.5+7.2 kg; VO,max: 61.2+3.4 mlkg™min™") carried out a specific progressive
maximum test. The allometric exponent was determined from the logarithmic equation Log y = Log + b Log X,
where x is the mass, y is the VO,,,, (I'min™"), a is one constant and b is the allometric exponent. The data were
analyzed using descriptive and comparative statistics (independent T test of the Student), with p<0.05 (SPSS
version 13.0). Results: The allometric exponent of the rowers was 0.70 and that of the runners was 1.00.
Significant differences were found between the fat mass percentage, with higher value for rowers, suggesting
that this variable may influence the behavior of the allometric exponent and consequently of the basal metabolic
rate. Conclusions: Scaling may help in understanding variation in aerobic power and in defining the physiological

limitations of work capacity.

KEY WORDS: biomechanics, physiology, exercise physiology, running, rowing

INTROD U CT1O/N 1

An organism with a larger body mass has a higher metabolic rate
than an organism with a smaller body mass because there is
a proportional relationship between mass and metabolism [71.
However, larger organisms may present lower physiological values
than smaller organisms when the values of this variable are normalized
by body mass values [11,13]. In the first case, the metabolic rate
is expressed in absolute terms by a unit that represents the total
amount of the evaluated variable. In the second case, it is expressed
in relative terms by a unit that represents the amount of the evaluated
variable for each kilogram of body mass.

The maximum oxygen uptake (VO,max) is considered the main
measure for evaluating cardiorespiratory conditioning. It can be
expressed in absolute terms (I'min’) or relative to the body weight
(mlkgmin!) [14]. The relative values are used to make comparisons
between subjects that differ in terms of body mass and lean body
mass, height and percentage of fat, since the muscle involved in the
activity influences these values [6]. However, in high performance
sports, the submaximal oxygen uptake VO,submax), that is
the economy of movement, has been shown to be better parameter

when assessing performance. The VO,submax or economy running,
defined as the oxygen uptake at a determined submaximal intensity
of movement, can be responsible for up to 30% of the performance
in long distance runners [4].

Brisswalter et al. [2], West et al. [18] and Darveau et al. [5]
point out the need to use parameters that allow comparison of
physiological variables, such as the VO,max, between individuals
with different masses. An example is the allometric scale [11,13,19].
Itis represented by means of an equation that indicates the behaviour
of a physiological variable Y in relation to the variable mass X
(Y= aX®), where a is the allometric coefficient (a constant that is
characteristic for the organism) and b is the allometric or scaling
exponent. This exponential function can be transformed into a linear
function: Logy = Loga + b Log x.

In relation to the practice of sports, studies have reported
the need to use different values, such as allometric coefficients, in
order to determine the percentage of total body mass to be considered.
These values would be specific for different sports [11], as well as
for wheelchair users [8]. Regarding this, Saltin and Astrand [15]
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affirm that the relationship between VO,max and body mass is used
because there are many types of locomotion and each one requires
a body mass to be moved.

In their analysis of the relationship between VO,max and body
mass in 967 athletes, representing 25 different sports, Jensen et al.
[11]found different values for b in each type of sport analyzed. Later,
an approximate mean exponent of 0.73 was calculated for all
modalities, which permitted the creation of a ranking of aerobic
capacity headed by long-distance cyclists and runners.

Assuming that the allometric scale allows a different analysis of
the results, there arises the need to analyze the performance of
athletes from two distinct types of modality: running and rowing.
Considering the specific characteristics of each modality and
the body composition of the athletes, the purpose of this study was
to determine the allometric exponents for runners and rowers, while
analyzing the relationship to performance with and without the use
of allometrics.

MATERIALS AND METHODS I
Eleven male long-distance runners and fifteen male elite rowers
volunteered and were selected for the study. In accordance with the
recommendations of the American College of Sports Medicine (ACSM)
[1], all the subjects filled out forms with their personal details and
read and signed an informed consent form approved by the Research
Ethics Committee of the Federal University of Rio Grande do Sul,
Brazil. The characteristics of the sample are presented in Table 1.
All the athletes were experienced in their respective modalities and
they were familiar with treadmill (runners) and rowing ergometry
(rowers) tests.

The tests for determination of the VO,max were carried out in
the Exercise Research Laboratory of the Physical Education School
of the Federal University of Rio Grande do Sul, Brazil. The athletes
participated in a progressive workload test until maximum effort,
corresponding to the respective modality. Prior to the test,
anthropometrical measurements were taken and a body composition
evaluation was performed. The body density and percentage of fat
were calculated using the protocols from Jackson and Pollock [10]
and Siri [16], respectively.

The runners were recommended to perform a brief stretching
exercise and, after having been fitted with a heart-rate monitor (Polar
S-610) and a gas-collecting mask, they remained seated for roughly

TABLE I. MEANS AND STANDARD DEVIATION FOR THE AGE,
WEIGHT, HEIGHT AND VO,max (ABSOLUTE AND RELATIVE)

RUNNERS (11) ROWERS (15)
Age (yers) 22+10 24 +5
Weight (kg) 61.7+9.3 835+7.2
Height (cm) 174 + 8.8 185.5 + 6.5
VO,max absolute (I'min’") 3.4+05 51+04
VOQmax relative (ml-kg™"-min-1) 56.3 +3.9 61.2+34
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ten minutes prior to the start of the treadmill test. A progressive
workload test was carried out on a treadmill (Quinton — Seatle, USA).
The initial workload (velocity) was 9 kmh with an increment of
0.5 kmh each 30 seconds until maximum effort in order to determine
the VO,max and the allometric exponent. The workload increments
were sufficient for a test duration of 8 -14 minutes.

The criteria used to determine the VO,max were the same as
those adopted by Hsi et al. [9], which consists of the observation of,
at least, two of the following criteria: voluntary request by the subjects,
plateau of the oxygen uptake curve and respiratory exchange ratio
higher than 1.15.

The rowers performed a maximal test on a progressive rowing
ergometer (Concept Il - VT, USA) that lasted 5 minutes in each stage.
The initial workload was 150 watts with increments of 50 watts for
each stage. The test was stopped when the athlete reduced
the rowing performance. The criteria utilized to determine the VO,max
were the same as those used for the runners. The workload increments
were sufficient for a test of 8 -12 minutes.

In order to evaluate oxygen uptake, a mixing-box-type portable
Aerosport KB1-C gas analyzer (Ann Arbor, USA) was used.

The allometric exponent was determined from the logarithmic
equation Log y = Log + b Log x, where x is the body mass, y is
the VO,max (I'min’!), a is one constant and b is the allometric
exponent. An average exponent was calculated for each group, using
the average values of mass and VO,max. Thus, a linear equation
was obtained together with its respective regression coefficient.

Descriptive statistics were used to analyze the collected data,
which are presented as means and standard deviation for each group,
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FIG. 1. EQUATION FOR ROWERS (A) AND RUNNERS (B) USED FOR
DETERMINING THE ALLOMETRIC EXPONENT WITH P<0,05.
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Application of the allometric scale for the submaximal oxygen uptake in runners and rowers

TABLE 2. VALUE OF THE VO,submax IN RUNNERS WITH
AND WITHOUT THE USE OF THE ALLOMETRIC EXPONENT

TABLE 3. VALUE OF THE VO,submax IN ROWERS WITH AND
WITHOUT THE USE OF THE ALLOMETRIC EXPONENT

RUNNERS (n=11)

VO,submax (I'min") VO,submax (ml-kg?-min-1)

ROWERS (15)

VO,submax (I'min”") VO,submax (ml-kg®%:min-1)

Runner 01 41.0 Runner 01 427
Runner 02 415 Runner 02 43.2
Runner 03 43.0 Runner 03 44.8
Runner 04 44.2 Runner 04 46.0
Runner 05 44.6 Runner 05 46.3
Runner 06 455 Runner 06 47.4
Runner 07 46.1 Runner 07 48.1
Runner 08 46.5 Runner 08 48.3
Runner 09 46.8 Runner 09 48.8
Runner 10 47.3 Runner 10 49.4
Runner 11 51.2 Runner 11 53.4

with and without the use of the allometric scale. The Shapiro-Wilk
test of normality and Levene test of homogeneity were used.
The independent T test was used in order to compare the percentage
of fat between runners and rowers. The level of significance adopted
in this study for all tests was =0.05 (SPSS version 13.0).

RESULT S

The main objective of the present study was to determine
the allometric exponents for runners and rowers, which were verified
in relation to their performance with and without the allometric
application.

The allometric exponent of the rowers was 0.70, with confidence
interval between 0.339 to 1.053, and of the runners was 1.00
(isometry), with confidence interval between 0.654 to 1.345, (Fig. 1).

The fat mass percentage of the rowers was 13.6+1.6 and of the
runners was 11.9+1.4, with significant differences (p<0.05).

The results for performance with and without the use of the
allometric exponent are shown in Tables 2 and 3.

All variables investigated in this study (including the logarithmic
variables) were normal and homogeneous.

DISCUSSION
The results showed that the rowers had a higher percentage of fat
and that this may have influenced the determined the lower allometric
exponent found in for this group, as was also observed in the study
from Loftin et al. [13]. They observed the behavior of the peak values
of the VO,max in obese and non-obese girls with and without the
use of the allometric exponent. The mean allometric exponent found
for the non-obese girls was 0.92 while for the obese girls it was
0.46, suggesting an inverse relationship between the value of the
allometric exponent and the percentage of fat. Without the use of
the allometric exponent, the performance of both groups was similar.
However, when the values of body mass were corrected by the

Rower 01 36.5 Rower 01 146.5
Rower 02* 37.2 Rower 03 147.4
Rower 03* 376 Rower 04 149.8
Rower 04* 37.8 Rower 02 150.7
Rower 05 38.5 Rower 05 152.8
Rower 06* 39.1 Rower 07 153.3
Rower 07* 40.0 Rower 06 154.4
Rower 08 40.4 Rower 08 157.3
Rower 09* 41.0 Rower 10 160.9
Rower 10* 41.2 Rower 15 162.6
Rower 11* 421 Rower 14 163.6
Rower 12* 423 Rower 13 163.7
Rower 13* 42.6 Rower 12 164.5
Rower 14* 42.8 Rower 09 170.3
Runner 15* 429 Rower 11 172.8

Note: (*) Athletes with change in order of performance after application of
allometric scale.

allometric method, the difference was 50% lower when the VO, was
seen in relation to the body mass.

Similarly, Kusano et al. [12] used the allometric scale to examine
the effects of the body mass, the lean body mass and the percentage
of fat in the performance of females in the indoor obstacles test of
the United States Military Academy. They found a high relationship
between exponents, absolute and relative body mass, and
a proportional relationship between these two variables and the time
required to complete the test. It is important to emphasize that these
authors based their study on statistical analysis of correlation, while
we attempted to find a single exponent that would serve different
groups, with intra-group similarities in relation to the level and type
of training and body composition, as in as the study of Loftin et al.
[13]. However, the body composition represents the common ground
between these studies. This is due to a tendency of the allometric
exponent to decrease when the percentage of fat is higher, and
a tendency to approximate the exponent of the unit when the lean
mass content is higher. This can be attributed to the fact that fatty
tissue is a metabolically less active, contributing less to performance
during exercise.

In a previous study by our laboratory, Tartaruga et al. [17] highlight
the importance of body surface in the development of different
mechanical tasks, i.e., the manner by which the body mass of
the subject (or animal) is supported during a task as well as
the mechanical resistance offered by environment where the task is
developed, may interfere in the determination of the allometric
exponent. This could explain the low value of b for rowers and
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the differences in percentage of fat. The rowers work in a seated position,
unlike the runners, who need support their weight during the race.
Applying the allometric scale allows physiological variables of
a specific group to be analyzed taking into consideration their
characteristics. Chamari et al. [3] collected data for VO,max and
VO,submax in soccer players and young adults and found a single
allometric exponent for the two groups with respect to two variables
(for VO,maxb=0.72 and for VO,submax b=0.60). Differences were
found when the VO, values obtained using the traditional method
were compared with those obtained with the application of
the allometric scale. In the traditional method, the \'/OQmax of adults
was underestimated, but no difference was found with respect to
young people. However, it was 5% higher when applied the allometric
exponent of 0.72. The VO,submax of young people was underestimated
by 13% when analyzed in the traditional form, though there was
no difference from adults when analyzed using the allometric method.
In Tables 2 and 3, rowers and runners, respectively, are shown
in order of performance according to VO,submax values, i.e., from
the most economical to the least economical. For runners, the relations
and proportions of performance after the application of allometric
scale were retained due to the b found for this group, which is very
close to the unit. On other hand, among the rowers, with
the application of allometric scale, some inversions of the order of
performance can be seen in some athletes. Rowers 8 and 9,
for example, have values close to VO,submax when compared to
the traditional method. Nevertheless, from the allometric point of
view, while rower 8 remained in the same place in the ranking,
the rower 9 became the second least economic in the group.

Tartaruga M.P. et al.

Given these results, there arises a debate on the assessment of
the performance of athletes, excluding the technical issues relating
to each modality, as the application of the allometric scale allows
physiological variables of a specific group to be analyzed while taking
into consideration their characteristics, such as body composition,
body surface area, level of training, environment of activity, etc [17].

CONCLUSION S 15
The application of the allometric scale allows the specific characteristics
of the sport practiced by the athlete to be taken into consideration,
so that his/her physical condition can be better assessed. Thus,
it may be used as a means of investigating, for example, why athletes
with very similar physiological values perform so differently in races
or, conversely, why athletes with different physiological values produce
similar performances, so making it one more evaluation method to
be used by coaches.

On some occasions, athletes from the same team have very similar
physiological and technical characteristics, though one may perform
better than another, even when there is no significant difference in
VO,submax and, possibly, economy of movement. The allometric
scale can facilitate inter-comparison of the subjects.

Scaling may help both in understanding variation in aerobic power
and in defining the physiological limitations of work capacity.
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THE INFLUENCE OF THE ALLOMETRIC SCALE ON THE
RELATIONSHIP BETWEEN RUNNING ECONOMY AND
BIOMECHANICAL VARIABLES IN DISTANCE RUNNERS

M.P. Tartaruga, L.A. Peyré-Tartaruga, M. Coertjens, M.H. De Medeiros,
L.F.M. Kruel

Exercise Research Laboratory, School of Physical Education, Federal University
of Rio Grande do Sul, Brazil

Abstract. Studies have demonstrated the need for the use of parameters that
diminish the effect of body mass, for intra and inter group comparison, in
individuals with different masses in order to provide a different analysis on the
behaviour of the relation between running economy (RE) and biomechanical
variables (BVs). The allometric scale is represented by a regression equation that
indicates the behaviour of a physiological variable in relation to the variable mass
(RE=a.xb), where x is body mass in (kg) and the dimensionless coefficient a is
characteristic of the species analysed, and the dimensionless exponent b
determines the percentage of mass to be associated with the physiological variable.
The influence of the allometric scale (b=-1; -0.75; -0.73; -0.67) on the relationship
between RE and BVs - stride length (SL), relative stride length (RSL), stride rate
(SR),lstride time (ST), support time (SUPT) and balance time (BALT) - at 12
kmh , was analysed in nine elite runners. Factorial analysis and Pearson's
Correlation Coefficient test (r) with P<0.05 were used. A decrease in the
explanation power of the RE was observed, with the use of the allometric
exponent, due to the BVs, as well as a reduction of the correlation coefficients
between SL versus RE, ST versus RE and SR versus RE. The BALT presented a
higher correlation where b=-0.75. The RSL and SUPT presented non-significant
correlations. The variables SL, ST, SR and BALT were the most effective
predictors of the RE, Where: b=-1, the allometric scale was most efficient to
predict the running performance.
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Introduction

An organism with a greater mass presents a higher metabolic rate than an
organism with a smaller body mass, as there is an increasing proportional
relationship between mass and metabolism [8]. It may, however, present smaller
physiological values than the smaller organism, where the values of this variable
are normalized based on the body mass values [11,15]. In the first case, the
metabolic rate will be expressed in an absolute form, by means of a unit that
represents the total quantity of the variable for each kilogram of body mass ().

The oxygen uptake divided by the total mass of the individual may yield a result
that contrasts with other data, because it leads to the assumption that heavier
athletes with lower relative submaximal oxygen uptake (VOigbmax) are more
economical at a given velocity, as they need to consume less energy. Accordingly,
the need to carry out comparisons of physiological variables between organisms
belonging to the same group, or between different groups, may lead us to diverse
assertions based on results that can be altered according to the manner by which the
body mass of these organisms is associated with the physiological variables to be
analysed [3].

Brisswalter [3], West [22] and Darveau [6] point out the need to use parameters
that lessen the effect of body mass when comparing intra and inter groups with
individuals of different body masses, in order to permit a different analysis of the
phenomenon. An example of this is the allometric scale. It is represented by means
of a regression equation that indicates the behaviour of a physiological variable y in
relation to the variable mass x (y=a.x"), where coefficient a is characteristic of the
class analysed and the b (allometric exponent) determines the percentage of mass
to be associated with variable y.

A few studies have focussed on determining the exponent that best represents
the percentage of body mass required for carrying out comparisons of the y
variable by minimizing the effect of the difference in mass. To this end, such
research projects have made use of studies related to the metabolic assessment of
different animal species [6,24]. The work of Rubner apud White and Seymour [23],
dated from the late XIX century, claimed an association of metabolic rate with 2/3
of the individual's body mass (0.67). Svedenhag and Sjodin [20] found allometric
exponents between 0.73 and 0.75 in distance runners and marathon runners,
demonstrating an influence of the allometric scale on VOgbmax-

In the practice of sports, other studies have equally verified the need for
utilizing different values, such as coefficients, for determining the percentage of
total body mass to be considered. These values would be specific for different
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sports [11], as well as for wheelchair users [9]. Therefore, the purpose of this study
was to analyze the influence of the allometric scale on the relationship between
running economy (RE) and biomechanical variables (BVs), at submaximal running
intensity.

Materials and Methods

Nine female elite runners, (5 distance runners and 4 long distance runners), with
more than 5 years professional experience, from the Porto Alegre Gymnastics
Society, were voluntarily recruited. All have attended the Exercise Research
Laboratory of the Federal University of Rio Grande do Sul (Brazil) in order to
complete the forms with their personal details and informed consent term, which is
in accordance with the recommendations of the American College of Sports
Medicine (ACSM), proposed in 1991 [1].

Firstly, the maximal oxygen uptake test (VOoymay) (Test 1) was carried out in
order to characterize the sample. The RE test (Test 2) was carried out with a
minimum two-day interval. The ambient temperature oscillated between 22°C-
24°C.

For both tests all the subjects were instructed to wear the same type of training
shoe (rubberized footwear without spikes,) and all had experience in treadmill
running.

The subjects were instructed to fast two hours prior to each testing session.
There was no intake of any kind of energetic substance during the tests.

Test 1: Maximal oxygen uptake (VOy,q.) determination test: The subjects were
recommended to perform a brief stretching session and, after having been fitted
with a heart rate monitor (HRM) and a gas-collecting mask, they remained seated
for roughly three minutes prior to the start of the test.

In this experiment, a progressive workload test, using ramp mode, was carried
out on a treadmill. The initial workload (velocity) was 9 km-h ™, with an increment
of 0.5 km-h™ every 30 seconds. The workload increments were sufficient for test
duration of 8-14 minutes. The ramp mode facilitates the visualization of the
ventilatory thresholds (VT) and, in addition it is effective for determining VO yax.

The criteria utilized to determine the VO,.x were the same adopted by His [10],
which consists of the observation of, at least, two of the following criteria:

o voluntary selection of the subjects;
o plateau of the oxygen uptake curve (VO,);
o respiratory exchange ratio higher than 1,15
During the tests, the subjects did, at any time support themselves on the
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treadmill for support.

Test 2: Running Economy (RE) determination test: The RE has been defined as
the steady state of VO,gupmax for a velocity [S]. In order to determine the RE, an
adaptation of the protocol proposed by [19] was carried out, which consists of a
stage of the 7 minutes. In the present study, this was changed to 6 minutes due to
the possibility of the stabilization of VO, at three minutes, allowing for a VOsubmax
plateau in providing the RE information [2]. The VOygpmax Was determined from
the mean values that were found between 5 to 6 minutes. The total duration of the
test was 6 minutes for each individual. The respiratory switch ratio did not exceed
0.95.

Firstly, the subjects performed a warm-up session consisting of stretching and
run at 9 kmh, folr 3 minutes. Then, the subjects performed a submaximal 6
minutes at 12 km-h~ (85% of VO,,). This velocity was chosen for three reasons:
1) at 12 kmh™ the subjects presented RE values situated at an intermediary zone
between the first and the second ventilatory threshold, which is ideal for the
analysis of the running economy [19]; 2) McMiken and Daniels [17] showed that
there is no significant difference between the aerobic requirement] in treadmill
running, above 73% of VO, and ground running; and 3) 12 km-h ~ corresponds
to a velocity adopted by the literature for RE analysis [13,18,19].

During the economy test, the individual's left sagital plane was videotaped using
a Pulnix F4 video camera with a sampling rate of 120 frames per second and a
shutter velocity of 11000 per seconds, where three gait cycles were recorded. The
camera was positioned three meters from the subject to be assessed and one meter
above ground-level.

Once the RE and BVs values had been determined, an analysis of the influence
of the allometric scale (b=-1; -0.75; -0.73; -067) on the relationship between the
RE and the BVs — stride length (SL), stride length relative to the length of the left
lower limb (RSL), stride rate (ST), support time (SUPT) and balance time (BALT)-
was carried out. The distance between the lateral malleolus of the fibula and the
femoral greater trochanter was considered the length of the left lower limb [21].
The following mathematical formula was applied in order to acquire the RE values
with the allometric exponents under consideration.

RE = a.x".1000
where:
RE: running economy values with allometric exponent (b)
a: VO s (ml-min™)
x: body mass (kg)
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The SL was determined from the classical running formula (v = SL x SR), by
dividing the horizontal velocity by the stride rate. The ST was determined through
the m:_dbdmm up of the frames from a complete stride cycle and then multiplied by
8.33 x 10" (estimated frame time). The SUPT and BALT were determined by
means of the visual analysis of the beginning and completion of the support phase
through visual analysis of the spatial model.

Statistical analysis: All the variables (RE and BVs) were tested in relation to
their normality, that is, the similarity of their distributions in relation to the
Gaussian distribution, by means of a Shapiro-Wilk test. The homogeneity of the
variance was assessed using Levene's test. The results showed significance indices
higher than 0.05, indicating normal distribution, allowing for the use of parametric
statistical tests [18].

Descriptive statistics were carried out through the mean and standard
deviations.

In an effort to reduce the number of variables in dimensions in order to better
explain the variability of the phenomenon under consideration, factorial analysis of
the main components was performed on the different percentages of body mass.
The main components are formed through the relationships between the variables.
The cut-off value for the extraction of the component for each factor was 0.50.
Pearson's Correlation Coefficient test (r), with P<0.05, was applied to verify the
existence of an association between the variables RE versus BVs, in the different
body mass percentages.

Results
The physical and physiological characteristics are presented in Table 1.

Table 1
Physical characteristics of the subjects; values are means and SEM

Variables 95% of confidence .
n=9 ¢ d BET interval of the median Min  Max
Lower LimitUpper Limit
Age (years) 26.00 +14.58 4.86198 14.78824  37.2117 13.00 50.00
Height (cm) 160.83 +6.18 0.02062 156.0789  165.5877 153.00 171.00
Weight(kg) 50.16 +7.96 2.65288 44.0491 56.2842  33.40 59.20
VO, max

U 43,14 +4.08 1.35914 40.0103 46.2786 36.70 51.00
(ml-kg -min )
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The results of the factorial analysis of the main components are shown in
Table 2.

Table 2
Explanation of the variance of biomechanical variables using the allometric scale

Proper values Extraction of sums of frames
Allometric Factor Total ﬁ of % Total nxw of &
scale variance accumulated variance accumulated
-1 1 5303 75.759 75.759 5.303 75.759 75.759
-0.75 1 5244 74916 74916 5.244 74916 74.916
-0.73 1 5219 74.566 74.564 5219 74.564 74.564
-0.67 1 5.159  73.695 73.695 5.159 73.695 73.695

By analysing the results in Table 2, a decrease can be observed in the
explanation power of the variability of the BVs by means of the allometric scale,
through exponential values (b=-1; -0.75; -0.73; -0.67). These results demonstrate
that, in the group under analysis, the allometric scale was more effective in
predicting the running performance where b=-1.

In Table 3, decreases in the correlation coefficients between SL vs VOsgpmax;
ST v8 VOsgupmaxs and SR vs VOypmax With the use of the allometric scale. Where
b=-0.75, BALT showed a higher correlation coefficient. The SL and SUPT showed
insignificant correlations. Of the four amewabam_ values under analysis in this
study, VOosuwmax, Where relativized at kg, showed a lower influence on the
relationship between RE vs BVs.

Table 3
Correlation coefficients between VOagpmax VS BVs using the allometric scale

Allgggtric Biomechanical variables
scale
SL ST SR BALT RSL SUPT
-1 -0.829* -0.829* 0.790%* -0.697* -0.438 -0.386

-0.75 -0.720* -0.718* 0.707* -0.814* -0.617 0.119

-0.73 -0.699* -0.698* 0.687* -0.803* -0.613 0.144

-0.67 -0.643 -0.640 0.636* -0.777* -0.608 0.214
Note: SL - stride length; ST - stride time; SR - stride rate; BALT - balance time;
RSL - relative stride length; SUPT - support time; *P<0.05.
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Discussion

Many authors have studied the influence of the allometric scale on the
relationship between oxygen uptake and physical activity. Jensen et al. [11],
analysing the VO, of the 967 athletes, representing 25 different sports, found
different values for the allometric exponents (b) for each type of sport, with
emphasis on the value b=0.73 for distance running and cycling types, which
demonstrates that the allometric scale can be useful in understanding the variability
of the maximal aerobic capacity and the physiological limitations of the working
capacity.

In relation to the VOjgpma, Svedenhag and Sjodin [20] found allometric
exponents between 0.73 and 0.75 at long distance runners, which demonstrates that
the allometric scale can be applied to submaximal running intensities. Additionally,
by analysing the allometric results from seven males and nine female cross-country
athletes, resulting from the relationship between the peak oxygen uptake (VOjpear)
and body mass, Larsson et al. [14] found allometric exponents corresponding to 1
and 0.67, which demonstrates that gender may interfere with the relationship in
question and, consequently, with the overall performance of such athletes.

The divergences found in the studies from Svedenhag and Sjodin [20], Jensen et
al. [11] and Larsson et al. [14] demonstrate that allometry may yield different
results, according to the type of sport analysed, the effort intensity exerted, gender
and individual physical fitness. Moreover, they demonstrate that, as yet, there is no
consensus in the literature concerning the use of the allometric scale, the
exponential value to be utilized in a given situation, and particularly, regarding the
causes leading to the utilization, or not, of a given allometric exponent.

In the biological field, the works by Rubner apud White and Saymour [23],
dated from the late XIX century, claimed an association of the metabolic rate with
2/3 of the individual's body mass (0.67). In 1932, Kleiber [12] raised the need for
the exponent to be used to have a value higher than the one suggested by Rubner.
Brody [4], corroborating the findings in Kleiber's studies, determines this exponent
as being relative to % (0.75) of the body mass. In 1997, West and associates [22]
observed that the exponent % could additionally be used in the comparison of
vascular systems between diverse animal, microorganism and plant species. In
2002, Darveau and associates [6] advocated the need to use different exponents,
specific for each physiological condition of the individual.

Allometric conditions have also been used by nutritionists in estimating calorie
needs; by archaeologists, in estimating the body weight from the dimensions of
bones found by anthropometrists, for determining body proportions; and by
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physicians for estimating medication doses. While all the estimates derived from
allometric equations may not necessarily be exact, they do permit an approximation
that makes it possible to predict the variation that can be attributed to the body size
[7].

Unlike the allometric values observed in previous studies, Brisswalter ef al. [3],
when analysing the influence of the allometric scale on the relationship between
RE and the anthropometric measurements (body weight, fat percentage, height and
leg length) from 28 (half-marathon runners), at two submaximal running intensities
(9 and 12 km-h "), corresponding to an intensity below the anaerobic threshold, and
the second very close to the threshold, found higher correlation when the athletes
were running at 15 km-h™, regardless of the allometric coefficient used (b=1 anld
0.75). The authors justify these outcomes in view of the speed of the trial, 9 km-h ,
which corresponds to a very low competition speed which, in turn, corresponds to a
biomechanical discomfort. In contrast, 15 km-h~ corresponds, precisely, to the
competition speed of these athletes, at which greater physiological and
biomechanilcal adaptation is achieved. Moreover, Brisswalter er al. [3] found that,
at 15 km-h * and where b=1, there was a greater influence of the allometric scale on
the relationship between the RE and the anthropometric variables, especially
related to body mass, height/stature and lower limb length. The authors believe that
this outcome may be related to the fact that significant reverse correlations
occurred between VOogumx and the anthropometric variables. By relativizing VO,
values with 100% of the body mass (b=1), a greater heterogeneity is yielded in RE
values and, consequently, there is a greater chance of occurring greater correlations
between VO, max and anthropometric variables.

While the authors do not demonstrate results referring to the absolute value of
VO,, it is believed that these results might be very similar among the subjects
under analysis.

In this study, we found that, irrespective of the statistical analysis adopted
(factorial analysis of the main components and/or linear correlation analysis), the
influence on the relationship between the RE and BVs of the allometric exponent b
corresponding to 'l', was higher than the other allometric exponents that were used
in this study, which corroborates the findings in the studies by Brisswalter et al.
[3]. We believe that this outcome might be related to the heterogeneity of the
anthropometric values (body weight and height) and, principally, the
heterogeneous values of VO,gpmax found at the submaximal running intensity
adopted in this study (12 km-h ). Additionally, it was observed that, where b=0.67,
two of the six correlations were not significant, demonstrating that the influence of
body weight, as well as the overall anthropometric analysis of the analysed
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subjects, is important in the relationship between the RE and the BVs, since this
relationship directly impacts the RE values.

The biomechanical variables that were most related to the RE were SL, ST, SR
and BALT. Cavanagh and Kram [5], and Tartaruga et al. [21], found that stride
length, stride rate and stride time were the biomechanical variables that most
related to the RE.

Finally, Martin ef al. [16] highlighted three issues that should be considered in
choosing the allometric scale in studies with humans, so that the findings can be
replicated more effectively: 1) taking into consideration the statistical measures
and outliers when choosing of the allometric exponent; 2) recognition of the
percentage of influence of the intervenient variables (e.g., anthropometric,
psychological variables interfering with the outcomes of VO,; 3) caution in the
inference of the results obtained through the correlation analysis. According to the
authors of this study, any of these issues can interfere with the allometric results
obtained for a given group and, consequently, the chance of replication of these
results is likely to be diminished.

Conclusion

The relationship between RE and BVs, in the group under analysis, was greater
where the VOoqumax values were relativized at 100% of the body mass, that is,
where b=1 the allometric scale was more effective in predicting the running
performance. However, anthropometric measures, statistical analyses, as well as
the type of sport under analysis, exertion intensity, gender and the individual
physical fitness, can impact on the determination of allometric coefficient values to
be used in each study. It is suggested that further studies on the subject be
undertaken.
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RELACAO ENTRE CONSUMO MAXIMO E SUBMAXIMO DE OXIGENIO
EM CORREDORES E REMADORES DE RENDIMENTO

Relation between submaximum and maximum oxygen uptake of elite distance
runners and elite rowers

Marcus Peikriszwili Tartaruga, Débora Dutra Beilke, Marcelo Coertjens,
Rafael Reimann Baptista, Leonardo Alexandre Peyré Tartaruga,
Luiz Fernando Martins Kruel

Resumo

O objetivo do estudo foi relacionar o consumo de oxigénio
no limiar anaerdbio (VO,,,) com o consumo maximo de oxigénio
(VO,max) de corredores e remadores de rendimento, a partir
da relativizagdo do VO, absoluto, pela massa corporal total,
pelo expoente alométrico e pela massa magra. Dez corredores
e quinze remadores realizaram um teste progressivo maximo.
Para os corredores, a velocidade inicial foi de 10kmh™, com
incremento de 0,5kmh™ a cada 30s. Para os remadores, a carga
inicial foi de 150w, com incremento de 50w a cada minuto. Para
ambos os grupos, 0 VO,,,4x € 0 VO,,, foram determinados pela
andlise das respostas ventilatérias. Para os remadores,
especificamente, também foi utilizado o comportamento da
curva de lactato vs poténcia. Foi feita andlise de normalidade e
homogeneidade (Shapiro-Wilk e Levene), teste t-Student para
amostras independentes e correlagdo Produto Momento de
Pearson, com p<0,05. Foram verificadas boas correlagbes
(r>0,5) entre 0 VO, € 0 VO, 4, Nos corredores, em todas as
formas de expressado do VO,: massa corporal total e expoente
alométrico de 0,968 (r=0,70) e massa magra (r=0,74). Baixas
correlacdes foram verificadas nos remadores, quando o VO,
foi determinado pela curva de lactato: massa corporal total e
massa magra (r=0,26) e expoente alométrico de 0,690 (r =
0,07). Porém, quando o VO, foi determinado pelas respostas
ventilatdrias, houve boas correlagdes: massa corporal total
(r=0,64), expoente alométrico de 0,690 (r=0,54) e massa magra
(r = 0,60). Os resultados mostram que a relagdo entre VO, , e
0 VOy,4x » de ambos os grupos, possuem O mesmo
comportamento, independente da forma de relativizagdo do
VO,. Mas, a forma de determinagao do VO, pode ser uma
variavel importante na relagao entre VO,,, € VO, 4y

Palavras-chave: Consumo de Oxigénio, Limiar Anaerdbio,
Desempenho.

Abstract

The objective of the study was to relate the oxygen uptake
in the anaerobic threshold (VO,,) and the maximum aerobic
power (VO,nay) Of €lite distance runners and elite rowers of
income from the relativization of the absolute VO, for the body
mass, expoent allometric and lean mass. Ten runners and fifteen
rowers had executed gradual a maximum test. For the runners,
the initial velocity was of 10kmh™, with increment of 0,5kmh™
to each 30s. For the rowers, the initial load was of 150w, with
increment of 50w to each minute. For both groups, the VO,,,ax
and the VO,,, had been determined by the analysis of the
ventilation. For the rowers, specifically, also the behavior of the
lactate curve was used versus power. It was made analysis of
normality and homogeneity (Shapiro-Wilk and Levene), test
t-Student for independent samples and correlation Product
Moment of Pearson, with p<0.05. Good correlations had been
verified (r>0.5) between VO,,, and the VO, in the runners,
in all the forms of expression of the VO,: body mass and expoent
allometric of 0.968 (r=0.70) and lean mass (r=0.74). Low
correlations had been verified in the rowers when the VO, was
determined by the lactate curve: body mass and lean mass
(r=0,26) and expoent allometric of 0.690 (r = 0.07). However,
when the VO, was determined by the ventilation, it had good
correlations: body mass (r=0.64), expoent allometric of 0.690
(r=0.54) and lean mass (r = 0.60). The results show that the
relation between VO,, and the VO,,,,, of both the groups
possess behavior the same, independent of the form of
relativization of the VO,. But the form of determination of the
VO, can be an important variable in the relation between VO,
and VO, .y

Key words: Oxygen Uptake, Anaerobic Threshold,
Performance.
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INTRODUCAO

Desde 1923, ano em que Archibald Vivian Hill e Hartley
Lupton ganharam o prémio Nobel, o consumo de oxigénio
(VO,) passou a ter presenga freqliente em publicagdes
sobre as respostas fisioldgicas durante o exercicio (Silva e
Oliveira, 2004). Tal interesse se justifica pela associagéo
do VO, , em esforgo submaximo e maximo, com dimensoes
de saude e de rendimento desportivo (Saltin e Astrand,
1967). Os modelos apresentados, ha mais de oito décadas,
tém sido intensamente rediscutidos nos ultimos quinze
anos, justificando abordagens sobre o estado da arte
existente sobre esta variavel (Silva e Oliveira, 2004).

Atualmente, o VO,, medido inicialmente de forma
absoluta, tem sido expresso de diferentes formas. Medidas
relativas a massa corporal total e a um percentual dessa
massa (coeficientes alométricos diferentes de 1) tém sido
adotadas, objetivando uma real comparagdao do
condicionamento fisico entre sujeitos (Svedenhag e Sjodin,
1994; Svedenhag, 1995; Vanderburgh e Dooman, 2000),
principalmente devido ao fato de existirem muitos tipos de
locomocéo, requerendo, cada um, uma massa corporal a
ser movida (Saltin e Astrand, 1967). De acordo com
Denadai (1995), valores relativos sdo mais utilizados para
comparagdes entre individuos que diferem na massa
corporal total, na massa magra, na estatura e no percentual
de gordura, pois a musculatura envolvida na atividade
influencia nessas variaveis.

Em um estudo desenvolvido por Bergh et al. (1991),
que analisou a relagcdo entre o VO, e a massa corporal
total de 151 jovens corredores de rendimento, verificaram
uma forte relagdo entre essas variaveis, sugerindo o uso
da massa corporal total como variavel de relativizagao do
VO, em jovens corredores.

Entretanto, diversos autores, como Winter e Hamley
(1976), Svedenhag e Sjodin (1994), Brisswalter et al.
(1996), Jensen et al. (2001) e Loftin et al. (2001), tém
demonstrado que a massa corporal total pode subestimar
os valores reais de VO,, influenciando nas comparacdes
entre sujeitos.

Desta forma, alguns autores, como Brisswalter et al.
(1996), West et al. (1997) e Darveau et al. (2002), apontam
para a necessidade da utilizagdo de parametros permitindo
que variaveis fisioldgicas, como o VO,, sejam comparadas
entre individuos com massas diferentes. A escala
alométrica é um exemplo. Ela é representada por uma
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equacgao de regressao, que indica o comportamento de
uma variavel fisiolégica “Y” em relagdo a variavel massa
“X” (Y = aX®). O coeficiente “a” é caracteristico da espécie
analisada, podendo ser o consumo maximo de oxigénio
(VO,may) absoluto. O expoente “b” determina o percentual
da massa a ser associado com a variavel “Y’ sendo
denominado expoente alométrico. Esta fungao exponencial
pode ser transformada, logaritmicamente, na fungao linear:
Logy =Loga +b Log x.

Ja a massa magra, também, tem sido utilizada como
parametro de relativizagdo do VO,, principalmente em
intensidades submaximas. Em um estudo desenvolvido por
Winter e Hamley (1976), analisando a influéncia da massa
magra nos resultados de economia de corrida (ECO) de
32 corredores de rendimento, foram verificadas boas
correlagdes (r>0,6) entre essas variaveis, em diferentes
velocidades de corrida, demonstrando que quanto maior
a velocidade de corrida, maior a influéncia da massa magra
nos valores de ECO. De acordo com Powers et al. (1983),
Kyrolainen et al. (2001) e Nummela et al. (2006), a ECO
consiste no consumo submaximo de 0xigénio (VO pmax)s
para uma determinada velocidade submaxima de corrida.
O mesmo conceito pode ser utilizado para outras
modalidades esportivas (economia de nado e economia
de movimento).

Tanto 0 VO,,,4x , COMO @ economia de movimento, tém
sido considerados importantes na predicdo da
performance de atividades desportivas com predominio
aerdébio, como na corrida e no remo. Se um grupo de
pessoas apresenta uma alta variagdo de aptidao fisica
(sedentarios e atletas de elite), 0 VO,,,,4 € @ variavel mais
preditiva para determinar o resultado em provas de
resisténcia. No entanto, importantes variagdes tém sido
encontradas entre corredores com VO,,.5, Similares (Sjodin
e Svedenhag, 1985). E possivel existir uma grande variagao
no desempenho entre corredores de mesmo VO,,,4y
(Conley e Krahenbuhl, 1980; Sjodin e Svedenhag, 1985;
Svedenhag e Sjodin, 1994). Relativamente baixos valores
de VO,,,,4, tém sido encontrados entre maratonistas de alto
nivel. Desta forma, o limiar anaerébio (LA) parece possuir
uma importancia consideravel na predi¢ao do rendimento
de corredores de meia e longa distancias (Denis et al.,
1982; Kumagai et al., 1982; Yoshida et al., 1987; Daniels e
Daniels, 1992; Novacheck, 1998; Meyer et al., 2003), bem
como em atividades desportivas com predominio aerdbio,
como a natacao, o ciclismo e o remo. A intensidade de
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TABELA 1
MEDIA E DESVIO-PADRAO DAS VARIAVEIS: IDADE, MASSA CORPORAL, ESTATURA E
CONSUMO MAXIMO DE OXIGENIO RELATIVO.

CORREDORES (10) REMADORES (15)
IDADE (anos) 22,3+10,4 24+54
MASSA CORPORAL (kg) 61,7+9,3 83,5+ 72
ESTATURA (cm) 174,1 + 8,8 185,5+6,5
VO,may (Mlkg™.min™") 572+34 61,034

exercicio, necessdria para obter a maior concentragao
constante de lactato sanglineo, tem sido correlacionada
com a performance de corrida (Costill, 1972; Farrell et al.,
1979). Obviamente, outros fatores também influenciam no
desempenho da resisténcia cardiorrespiratéria (Denis et
al., 1982; Kumagai et al., 1982; Yoshida et al., 1987; Daniels
e Daniels, 1992; Novacheck, 1998; Meyer et al., 2003;
Tartaruga et al., 2004).

A relagdo entre o consumo de oxigénio, no limiar
anaerobio (VO,y,), € 0 VO,,,,4, tem sido investigada, desde
a década de 70, por Weltman e Katch (1979). De acordo
com estes autores, a predi¢cao do VO,,4 pelo VO,,, pode
ser de até 89% para sujeitos bem condicionados,
destacando que a referida relagao deve ser analisada do
ponto de vista da acidose metabdlica, e ndo do
metabolismo causado pela hipoxia. Esta afirmagéo
corrobora com os achados de Davis et al. (1976), onde os
autores verificaram uma forte correlagdo entre o VO, ,
determinado pela ventilagao e pela lactacidemia (r = 0,95).

Apesar de todas as formas de relativizagao do VO,, em
situacdes maximas e submaximas de esforgo, nenhum
estudo tem sido desenvolvido analisando qual das formas
de relativizagao implica em uma melhor relagdo entre VO,
e VO, Desta forma, o objetivo do estudo foi relacionar
0 VO, , € 0 VO,,,4x de corredores e remadores de
rendimento, a partir da relativizagao do VO, absoluto, pela
massa corporal total, pelo expoente alométrico e pela
massa magra.

METODOLOGIA

A amostra foi composta de 10 corredores meio-fundistas
longos (1.500 a 3.000m), da Sociedade Ginastica de Porto
Alegre (SOGIPA), e 15 remadores da classe sénior A,
pertencentes a equipe de remo do Grémio Nautico Uniao

de Porto Alegre (GNU) (TABELA 1). Todos os atletas,
selecionados por voluntariedade, eram do sexo masculino,
sauddveis e com mais de trés anos de experiéncia em
provas de rendimento, em nivel regional, nacional e
internacional. Antes do inicio das avaliagdes, todos os
individuos leram e assinaram o termo de consentimento
livre e esclarecido, no qual constavam todas as
informagdes pertinentes ao estudo referente a cada
avaliagéo, sendo estas aprovadas pelo Comité de Etica
em Pesquisa da Universidade Federal do Rio Grande
do Sul.

Os testes para determinagdo do VO, foram
realizados no Laboratério de Pesquisa do Exercicio
(LAPEX), da Escola de Educagéo Fisica da Universidade
Federal do Rio Grande do Sul (EsEF — UFRGS). Os atletas
participaram de um teste progressivo maximo,
correspondente a modalidade esportiva. No mesmo dia,
foi feita uma avaliagdo da composicao corporal e
verificagdo das medidas antropométricas. O percentual de
gordura corporal (%G) foi calculado através da férmula de
Siri (1961):

%G = (495/D) — 450

Para o calculo da densidade corporal (D), foi utilizada a
equagao desenvolvida por Jackson e Pollock (1978),
validada por Petroski (1995), para homens com idade entre
18 e 61 anos, utilizando sete dobras cutaneas e os
perimetros do abdome e antebrago.

D = 1,101 — 0,0004115 * (S7DC) + 0,00000069 *
(S7DC)? - 0,00022631 * (ID) — 0,0059239 * (PAB) +
0,0190632 * (PAT)

onde:
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S7DC = somatoério das dobras cutaneas: subescapular,
triceps, peitoral, axilar média, supra-iliaca, abdominal
e coxa;

ID = idade (anos);
MC = massa corporal (kg); e
PAB e PAT = perimetros do abdome e antebrago (m).

As medidas de dobras cutaneas e perimetros foram
feitas por um profissional de Educagao Fisica com
experiéncia em avaliagdes antropométricas.

Os corredores realizaram um breve alongamento e,
apos a colocagao do cardiofreqliencimetro (Polar S-610)
e da mascara de coleta de gases, ficaram sentados por,
aproximadamente, 10 minutos antes do inicio do teste. Foi
aplicado um teste em esteira rolante com cargas
progressivas, no estilo rampa. A velocidade inicial foi de 10
kmh™", com um incremento de 0,5 km'h™" , a cada 30
segundos, até a exaustéo. Os testes duraram de doze a
quatorze minutos. Os critérios utilizados para validagéao do
teste, conforme Howley et al. (1995) e Hsi et al. (1998),
foram: platé de consumo de oxigénio em dois estagios
consecutivos, ou seja, mesmo com incremento da carga,
nao se observou aumento do consumo de oxigénio; e da
taxa de troca respiratéria (QR >1,1), que é a relagdo entre
a quantidade de gas carboénico produzido e o total do
consumo de oxigénio.

Ambos os critérios deviam ser alcangados para a
validagéo do teste.

Os individuos foram incentivados, verbalmente, para
alcancarem a melhor performance no teste. Apds a
validacdo do mesmo, a velocidade da esteira foi diminuida,
progressivamente, até que o individuo se sentisse
recuperado o suficiente para sair da esteira.

Os remadores realizaram um teste maximo progressivo
em remoergémetro (Concept Il — VT, USA), com uma
duragéo de estagios de cinco minutos. A carga inicial era
de 150 Watts, com incremento de 50 Watts a cada estagio.
O teste era interrompido quando o atleta referia nao ter
mais condicbes de manter a poténcia de remadas
determinada. A frequéncia cardiaca também foi monitorada.

Para ambos os grupos, 0 VO, 4 € 0 VO, , foram
determinados pela andlise das respostas ventilatorias,
através de um analisador de gases, modelo MGC, da
Medical Graphics Corporation (St. Paul, EUA). A freqiéncia
de amostragem foi breath-by-breath. Utilizou-se um bocal
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e um oclusor nasal, limitando a respiragédo do individuo
apenas pela boca. Cada grupo desenvolveu os testes em
dias alternados e no mesmo horario. Considerou-se o valor
de pico como 0 VO, 4.

Especificamente para os remadores, também, foi
analisado o comportamento da curva de lactato vs
poténcia, para determinacé@o do limiar de lactato (LL). O
sangue arterializado do Iébulo da orelha era coletado,
durante 60 segundos, ao final de cada estagio, sendo
analisado pelo lactimetro Accusport Roche. A utilizagao
do Iébulo da orelha, como local de coleta de sangue, ja foi
anteriormente comparada com outras regides em
remadores, nao tendo sido verificada diferenga entre os
locais de coleta (Forsyth e Farrally, 2000).

Os valores de VO, foram determinados de forma
absoluta (I'min™") e relativa, durante o LA e o méximo
esforgo. A relativizagdo utilizada correspondeu a massa
corporal total (método tradicional), ao expoente alométrico
(método alométrico) e a massa magra, todos em
I'kg™min™", onde x corresponde ao valor referente a forma
de relativizag&o.

O LA, determinado pela ventilagao, foi identificado por
trés fisiologistas do exercicio, através da segunda quebra
da curva de VE e equivalente respiratério — VE/VCO,.
Quando dois, dos trés fisiologistas, encontravam igual valor
de limiar anaerdbio, o mesmo era considerado como sendo
o limiar anaerdébio. Quando todos os fisiologistas
encontravam diferentes valores de LA, o valor intermediario
era considerado como sendo o LA. Ja o LA, determinado
pela lactacidemia (limiar de lactato), foi determinado
empregando-se a metodologia descrita primeiramente por
Cheng et al. (1992) e, posteriormente, também utilizada
por Nicholson e Sleivert (2001) e intitulada de Dmax
(Distancia maxima). Esse método foi assim batizado
porque utiliza uma técnica em sua determinacéo, na qual
uma curva é criada, plotando-se os valores de lactato
sangliineo, em um grafico do Microsoft Excel, criando-se
uma linha de tendéncia exponencial no mesmo. Feito isso,
uma reta é tragada entre o ponto inicial e o final da curva
de tendéncia, sendo a maior distancia entre a reta tracada
e a curva criada pelo grafico medida, proporcionando,
assim, a determinagao do LL.

O expoente alométrico “b“ foi determinado a partir da
fungao logaritmica “Log y = Log a + b Log x; onde "y“ é o
VO, maxabs (€M litros por minuto) e “x“ é a massa corporal
(em quilogramas). Foi calculado um expoente alométrico
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médio, para cada um dos grupos, utilizando as médias dos
valores de VO,,,,4, € massa corporal. Desta forma, foi obtida
uma equacao de reta com seu respectivo coeficiente
de regressao.

Foi utilizada a estatistica descritiva, com média e
desvio-padrdo, para verificacdo das respostas de VO,
absoluto e relativo a massa corporal total, ao expoente
alométrico e a massa magra, nas situagdes de LA e
maximo esforgo, determinadas pelas respostas
ventilatérias, para corredores e remadores e, somente na
situacdo de LA, pela lactacidemia, para remadores. A
normalidade e a homogeneidade dos dados foram
analisadas através dos testes de Shapiro-Wilk e Levene.
Foi utilizado, ainda, o teste t-Student para amostras
independentes, com o objetivo de analisar os resultados
do %G, do VO,,, e do VO, s, , entre corredores e

remadores, comparando os resultados do VO,
determinados pelas respostas ventilatérias e pela
lactacidemia nos remadores. Foi realizada a correlacdo
linear Produto Momento de Pearson, para verificagéo das
relagbes sem causa-efeito entre os valores de VO,,, e o
VO,4x determinados pelas respostas ventilatdrias, para
os corredores e remadores, e pela lactacidemia, apenas
para os remadores, todos relativos as trés formas de
relativizagdo. O indice de significancia adotado foi de 0,05.
Foi utilizado o pacote estatistico SPSS, versao 11.0.

RESULTADOS

Os corredores apresentaram um %G médio de 11,62,
correspondente a uma média de massa magra de 57,5 kg.
Os remadores apresentaram um %G médio de 13,68,
correspondente a uma média de massa magra de 72,09 kg.

FIGURA 1
EQUACOES DA RETA PARA CORREDORES E REMADORES, UTILIZADAS PARA A
DETERMINACAO DO EXPOENTE ALOMETRICO (COEFICIENTE ANGULAR) ATRAVES DO
LOGARITMO NATURAL DO CONSUMO DE OXIGENIO ABSOLUTO PELO LOGARITMO NATURAL DA
MASSA CORPORAL.

CORREDORES (N = 10)
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LNVO2maxabs (I'min™') = Logaritmo Natural do Consumo de Oxigénio Absoluto

LNmassa (Kg) = Logaritmo Natural da Massa Corporal

“p<0,05
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Ambos os percentuais de gordura corporal apresentaram Os valores médios do VO, absoluto e relativo a massa
diferengas estatisticamente significativas. O expoente corporal total, a0 expoente alométrico e a massa magra,
alométrico dos corredores foi de 0,9689 e dos remadores de corredores e remadores, nas situagdes de maximo

foi de 0,6905 (FIGURA 1).

esforco e no LA, determinados pelas respostas

TABELA 2

MEDIA E DESVIO-PADRAO DO VO, ABSOLUTO E RELATIVO A MASSA CORPORAL TOTAL, AO
EXPOENTE ALOMETRICO E A MASSA MAGRA DE CORREDORES E REMADORES NAS
SITUAGOES DE MAXIMO ESFORCO E NO LA, DETERMINADOS PELAS RESPOSTAS
VENTILATORIAS, E VO, ABSOLUTO E RELATIVO A MASSA CORPORAL TOTAL, AO EXPOENTE
ALOMETRICO E A MASSA MAGRA DE REMADORES NO LA, DETERMINADOS PELA

LACTACIDEMIA.

CORREDORES (10) REMADORES (15)
Respostas Ventilatérias
VO, mex (I-min") 3,72+ 0,58 5,08 = 0,402 (P = 000
VO, max (Mlkg™'.min"") 5722 + 3,37 60,97 =+ 3,44 = 0.685)
VOpmax (Ml.kg=®.min"") 65,13 = 3,82 239,51 + 11,982 (P = 0.000)
VOpmax (Ml.kg™™-min") 64,78 + 4,30 70,63 + 3,622 (P = 0.001)
VO, (.min™") 3,47 + 0,59 (93,3%) 4,38 + 0,337 (P = 0018) (8§ 29)
VO, , (ml.kg™'-min"") 53,29 + 4,20 (93,1%) 52,54 + 2,96 = 0:145) (86,2%)
VO, , (ml.kg™®*®.min"") 60,66 + 4,77 206,40 = 10,342 (P = 0:005)
VO, , (ml.kg™™.min"") 60,33 + 5,13 60,88 + 3,3( = 0141

Lactacidemia

VO, (L.min™")
VO, , (ml.kg™.min’")
VO, , (ml.kg®®.min"")

VO, , (ml.kg™™.min"")

3,34+ 0,28° P = 0019 (5 7%)
40,12 £ 2,22° (P < 0.00) (55 8%)
157,62  799° = 000

46,50 2,800 (° < 000

Consumo maximo de oxigénio (VO,,4,), consumo de oxigénio no limiar anaerébio (VO,,,),expoentes alométricos (exp) para corredores de 0,986 e
remadores de 0,690; massa magra (mm) de cada sujeito. Valores percentuais referentes ao VO,,,.(a) diferencas estatisticamente significativas, calculadas a
partir do teste t-Student para amostras independentes, entre corredores e remadores; (b) diferencas estatisticamente significativas, calculadas a partir do
teste t-Student para amostras dependentes, entre o consumo de oxigénio no limiar anaerébio determinado pela ventilagao e pela lactacidemia

em remadores.



Allometry and performance in distance runners 131

28 Revista de Educagéo Fisica - N° 141 — Junho de 2008

TABELA 3
CORRELAGAO ENTRE OS VALORES DE VO, RELATIVO A MASSA CORPORAL TOTAL, AO
EXPOENTE ALOMETRICO DO GRUPO E A MASSA MAGRA INDIVIDUAL, COM O VO,, A
RELATIVO A MASSA CORPORAL TOTAL, AO EXPOENTE ALOMETRICO DO GRUPO E A
MASSA MAGRA INDIVIDUAL, DETERMINADOS PELAS RESPOSTAS VENTILATORIAS E PELA
LACTACIDEMIA.

CORREDORES (10) REMADORES (15)
VOsmax(ventitagao) (MI-kg™.min™) - VO, 4 ventiiagao) (MI-kg™".min™") 0,698* 0,641*
VO, max(ventiiagao) (MI-kg™=®.min"™) - VO, 4 yentitagaoy (MI-kg=P.min™") 0,696* 0,541*
VO,maxventiaaey (MIkG™™.Min) - VO, wentiacaoy (Mlkg™™.min"") 0,741* 0,603"
VOama(ventiagac) (MI-kg ™' .Min™) - VO 4 actato) (Ml-kg '.min™) 0,257
VOpmax(ventitagaoy (MI-kg™®®.min™") - VO, 4 actato) (MI-kg ®P.min") 0,074
VO, max(ventiiagaoy (MI-kG™™.min™") - VO, 4 actate) (MI-kg™™.min™") 0,257

VO, determinado pelas respostas ventilatorias - VO, max entiiacao)
VO,,, determinado pelas respostas ventilatorias - VO,, entiiacac) € P€la lactacidemia VO, (actato)
*p<0,05

ventilatérias, bem como o VO, absoluto e relativo a massa
corporal total, ao expoente alométrico e a massa magra
de remadores no LA, determinado pela lactacidemia, sdo
demonstrados na TABELA 2. Os resultados demonstraram
um maior VO, .4, dos remadores, na forma absoluta e nas
trés formas relativas, determinados pelas respostas
ventilatdrias. Entretanto, ndo foram observadas diferencas
significativas entre os grupos, quando o VO, foi
relativizado pela massa corporal total. Em relagdo ao VO,,,
determinado pelas respostas ventilatérias, foram
observados maiores valores nos remadores, na forma
absoluta e nas relativizacdes pelo expoente alométrico,
com diferengas significativas, e na massa magra. Os
valores relativos a massa corporal total foram maiores para
os corredores.

Todos os valores de VO,, absoluto e relativos, no LA,
para os remadores, foram maiores e significativos, quando
determinados pelas respostas ventilatérias em
comparagao com a lactacidemia.

Os deltas percentuais do VO, absoluto e relativo, no
LA, determinados pelas respostas ventilatérias, foram
maiores nos corredores em relagao aos remadores. Nos
remadores, os deltas percentuais do VO, absoluto e

relativo, no LA, foram maiores, quando determinados pelas
respostas ventilatérias em comparagdo com
a lactacidemia.

A TABELA 3 demonstra os resultados de correlagao
verificados entre os valores de VO,4 relativo a massa
corporal total, a0 expoente alométrico e a massa magra,
com o VO, relativo & massa corporal total, ao expoente
alométrico e a massa magra, determinados pelas
respostas ventilatérias e pela lactacidemia. Pode-se
verificar que, independente da forma de relativizagao do
VO, e do grupo analisado, todas as correlagoes foram boas
(r > 0,5), quando determinadas pelas respostas
ventilatérias. Entretanto, baixas correlagdes (r < 0,49) foram
verificadas entre 0 VO,,,4, , determinado pelas respostas
ventilatorias, e o VO,, , determinado pela lactacidemia,
em todas as formas de relativizacao.

DISCUSSAO

Apesar das diferengcas metodolégicas adotadas nos
testes de consumo maximo de oxigénio, para cada uma
das modalidades, e da determinagao do limiar anaerébio
pela lactacidemia apenas nos remadores, os resultados
verificados sao passiveis de discussado devido a
relevancias fisioldgicas.
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A fungao logaritmica demonstrou um maior expoente
alométrico no grupo dos corredores, em relagao ao grupo
dos remadores. Como conseqliéncia, os valores de VO, 4,
e VO,,, foram, significativamente, maiores nos remadores,
em comparacao com os corredores. Uma das principais
justificativas para responder as diferengas nos expoentes
alométricos, verificados em ambos os grupos, pode estar
relacionada as diferengas significativas verificadas no %G
dos corredores e remadores. Loftin et al. (2001),
observando o comportamento do valor de pico do VO, 4,
em meninas obesas e ndo obesas, utilizando o método
tradicional (relativizacdo pela massa corporal total) e o
alométrico (funcao logaritmica do VO,,,4 absoluto e da
massa corporal total), encontraram, para as meninas nao
obesas, um expoente alométrico de 0,92 e, para as obesas,
um expoente alométrico de 0,46, demonstrando uma
diminuicao do b, proporcional ao aumento do %G. Pelo
método tradicional, os valores de capacidade aerdbia dos
dois grupos eram similares. Entretanto, quando os valores
da massa corporal foram corrigidos pelo método
alométrico, houve uma diferenga 50% menor no grupo de
obesas, quando se observou o VO, relativo a massa.
Tartaruga et al. (2007) destacam, também, a importancia
da superficie corporal no desenvolvimento de diferentes
tarefas mecanicas, ou seja, na forma com que a massa
corporal do sujeito (ou animal) é sustentada durante uma
tarefa, bem como a resisténcia mecéanica oferecida pelo
meio onde a tarefa é desenvolvida, como varidveis que
podem influenciar na determinagdo do expoente
alométrico. Assim, uma outra possivel justificativa para o
menor b, encontrado para os remadores, além do %GC,
seria a questao do deslocamento do peso corporal durante
o exercicio. O barco de remo permite um deslocamento
mais facil do peso corporal, devido a sua aerodinamica,
em comparagao com a corrida em pista. Além disto, o
remador apresenta uma menor area projetada, resultando
em uma menor resiténcia ao avango durante o
seu deslocamento.

Os valores de VO, .4, determinados pelas respostas
ventilatérias, tanto na forma absoluta, como na forma
relativa ao expoente alométrico e a massa magra, foram
significativamente maiores nos remadores, em relagdo aos
corredores. Da mesma forma, os valores de VO,,, foram
maiores nos remadores, quando analisados na forma
absoluta e relativa ao expoente alométrico. Estes resultados
demonstram que a forma de expressar 0 VO,, .4, € 0 VO,,,
pode influenciar, de forma significativa, nas relagdes de
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performance entre-sujeitos. Chamari et al. (2005)
coletaram os dados de VO,,,,s € de consumo submaximo
de oxigénio (VO,e,pmax) €M jogadores de futebol, jovens e
adultos, e determinaram um Unico expoente alométrico
para os dois grupos com relagao as duas variaveis. Para o
VO, 4« » foi encontrado b = 0,72 e para 0 VO,q pmax D =
0,60. Comparando os valores de VO, do método tradicional,
com os valores obtidos apés aplicacao da escala
alométrica, foram observadas diferengas. No método
tradicional, o VO,, s, dos adultos foi subestimado, nao
havendo diferenga com relagao aos jovens. Entretanto, ele
foi 5% maior, quando relativizado a 72% da massa
corporal. Ja 0 VO,¢,pmax d0s jovens foi subestimado em
13%, quando analisado sob forma tradicional, nao
apresentando, porém, diferencas dos adultos, quando
analisado sob o método alométrico. Em um estudo
desenvolvido por Winter e Hamley (1976), analisando a
influéncia da massa magra nos resultados de economia
de corrida (ECO) de 32 corredores de rendimento, foram
verificadas fortes correlagées (r>0,6) entre essas variaveis,
em diferentes velocidades de corrida, demonstrando que,
quanto maior a velocidade de corrida, maior a influéncia
da massa magra nos valores de ECO.

De acordo com Bassett e Howley (2000), 0 VO,,4x € ©
percentual do VO,,, em relagdo ao VO,,4,, influencia no
comportamento da ECO e, conseqlientemente, no
desempenho de corridas de meia e longas distancias. A
mesma anadlise pode ser feita para qualquer modalidade
esportiva com predominio aerdébio, como as provas de
meio-fundo e fundo da natagéo, do ciclismo e do remo.
Apesar dos resultados do presente estudo terem
demonstrado um maior percentual do VO,,, em relagao ao
VO, max, dos corredores, independente da forma de
expressao, nao se pode afirmar que os corredores
possuem um maior condicionamento fisico do que os
remadores, pois valores de VO,,s € VO,,, relativos a
massa corporal total, ndo foram diferentes entre ambos
0S grupos.

Analisando-se apenas os remadores, relacionando-se
os valores absolutos e relativos do VO,,,, determinados
pelas respostas ventilatérias e pela lactacidemia, foram
verificadas baixas correlagées (r<0,5) entre ambas as
formas de determinagé@o do VO, demonstrando que o
método de determinagdo do VO, pode influenciar nos
resultados de VO, e, conseqlientemente, nas relagcdes
entre VO,,,4, € VO, .. Okano et al. (2006), relacionando o
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LA, determinado pelo equivalente ventilatério de diéxido
de carbono e pelas respostas de lactato sangiiineo, em
oito ciclistas, demonstraram uma forte correlagéo (r=0,90)
entre os valores de VO,,, determinados pelos dois
métodos. Da mesma forma, os trabalhos de Wasserman
et al. (1973) demonstraram que os niveis de lactato
apresentam uma forte correlagdo com a ventilagdo, em
funcao do tamponamento dos ions hidrogénio (H*) pelo
fon bicarbonato (HCOj), e a subsequiente eliminacdo na
forma de diéxido de carbono (CO,) pela respiracdo
(H" + HCO5 & - H,CO4;& - CO, + H,0).

As diferencas do presente estudo, em relagao ao estudo
de Okano et al. (2006), estdo na metodologia adotada para
a determinacéo do VO,,. No estudo aqui relatado, o LA
ventilatério foi determinado pela curva de ventilacéo e pelo
equivalente ventilatério de diéxido de carbono. Ja o LA
lactacidémico foi determinado pelo método Dmax,
diferentemente do método utilizado por Okano et al. (2006),
no qual foi utilizado o ponto de inflexdo da curva lactato vs
poténcia. Baptista et al. (2005) destacam que os métodos
de determinagao do VO,,,, através da lactacidemia, podem
superestimar os resultados, sugerindo-se, conforme
Stegmann et al. (1981), a utilizacdo de um limiar anaerébio
individual. Este método, desenvolvido por pesquisadores
da Alemanha, baseia-se na habilidade individual do atleta
de manter um estado estavel de lactato, durante um
exercicio prolongado. De fato, em um estudo subsequente,
realizado por McLellan e Jacobs (1993), a intensidade de
exercicio, correspondente ao LA individual, mostrou ser a
maior poténcia que pode ser mantida pelos atletas por um

periodo de exercicio entre 15 a 20 minutos, sem um
aumento no actimulo de lactato sangiineo, e é, por isso,
também, chamado por alguns grupos de pesquisa como
sendo o maximo estado estavel de lactato ou, como muitas
vezes é expresso na lingua inglesa, pela sigla MLSS
(Maximal Lactate Steady State) (Baptista et al., 2005).

Por fim, foi verificado que, independente da forma de
expressa@o do VO,4, € do VO,,, ambos determinados
pelas variaveis ventilatérias, a relagéo foi boa. De acordo
com Weltman e Katch (1979), a predicao do VO, , pelo
LA, pode ser de até 89% para sujeitos bem condicionados,
destacando que a referida relagdo deve ser analisada do
ponto de vista da acidose metabdlica e nao do metabolismo
causado pela hipoxia. Essa afirmagao corrobora com os
achados de Davis et al. (1976), onde os autores verificaram
uma forte correlagao entre o LA, determinado pelas
varidveis ventilatérias e pela lactacidemia, correspondente
ar=0,95.Além disso, Cotes et al. (1969) e Jones e Pearson
(1969) verificaram existir relagao entre VO, p4x € VO s upmax
com parametros antropométricos e, conseqlientemente,
relagao entre VO, 41 € VOosupmax-

CONCLUSAO

Com base nos resultados encontrados neste estudo,
pode-se concluir que a forma de relativizagao do VO, nao
influencia na relagdo entre VO,,, € VO,,,,4 €m corredores
e remadores de rendimento. No entanto, a forma de
determinacéo do VO, pode ser uma varidvel interveniente
na relagédo entre VO, € VO, ax-
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