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RESUMO

A fadiga muscular € um fenémeno fisiologico e transitério que gera perda de
forca e resisténcia, tendo como consequéncias o dano muscular, estresse
oxidativo e inflamacgé&o. Para a recuperacdo do musculo envolvido na fadiga, é
preciso permitir que o processo de reparacdo de homeostase ocorra, 0 que pode
demandar até 96 h. Existem situacdes, como na reabilitacdo acelerada de lesdes
ou em competicBes esportivas, em que é imposto ao musculo um processo de
fadiga por dias consecutivos de exercicios, sem permitir o adequado tempo para
recuperacéo, o que pode acarretar uma condicdo de fadiga acumulada. E do
interesse de terapeutas, treinadores e atletas melhor compreender como
quantificar essa condicdo, e fim de evitar ou reduzir os efeitos da fadiga
acumulada. Contudo, tanto a quantificacéo da fadiga acumulada (como por meio
de marcadores de desempenho e estresse durante o exercicio), quanto as
estratégias para sua prevencao e tratamento (como intervencdes nutricionais
com o extrato de ch& verde, encontrado na Camellia sinensis) , séo desafiadoras.
Com uma combinacdo de experimentos realizados durante o periodo da
pandemia de coronavirus (2020-2023), o objetivo desta tese foi investigar
indicadores de fadiga acumulada e seus efeitos no desempenho em
competicdes esportivas de alto nivel, determinar a fiabilidade de técnicas para
monitorar a fadiga muscular, e avaliar o potencial do extrato de cha verde como
uma intervencao de baixo custo para minimizar efeitos da fadiga acumulada.
Interpretamos nossos principais resultados como indicadores de que (1)
competi¢cdes envolvendo muitos dias consecutivos de exercicio acarretam fadiga
acumulada; (2) a fadiga acumulada pode ser identificada a partir de informacdes
de volume e intensidade monitoradas durante o exercicio; (3) as perda de
desempenho em funcdo do acumulo de fadiga sao influenciadas pela escolha
dos dias de descanso ao longo da competicao; (4) medidas de temperatura da
pele empregando termografia infravermelha podem ajudar na identificagdo da
marcadores de fadiga acumulada em testes realizados em laboratério; (5) a
administrac@o de extrato de ché verde antes da exposi¢éo a condigédo de fadiga
acumulada € associada com reducdo em marcadores de dano muscular e
estresse oxidativo; (6) a administracdo de extrato de cha verde antes da

exposicdo a condicdo de fadiga acumulada minimiza reducbes em variaveis

10



neuromecanicas associadas com a producdo de forca em condicdo de fadiga
acumulada. Consideramos que as informac@es incluidas nesta tese contribuem
para o avanco do conhecimento sobre o tema, com uma abordagem integrativa
de conceitos e ferramentas de diferentes é&reas, auxiliando na melhor
compreensao dos processos envolvidos no mecanismo de fadiga acumulada,

sua melhor quantificacdo e monitoramento, e formas de prevencao.

Palavras chaves: antioxidantes; dano muscular; eletromiografia; estresse
oxidativo; exaustdo; exercicio fisico; neuromecéanica; recuperacao; termografia

infravermelha.
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ABSTRACT

Muscle fatigue is a physiological and transient phenomenon that generates loss
of strength and endurance, with consequences for muscle damage, oxidative
stress and inflammation. For the recovery of the muscle involved in fatigue, it is
necessary to allow the homeostasis repair process to occur, which can take up
to 96 h. There are situations, such as in the accelerated rehabilitation of injuries
or in sports competitions, in which a process of fatigue is imposed on the muscle
for consecutive days of exercises, without allowing adequate time for recovery,
which can lead to a condition of cumulative fatigue. It is in the interest of
therapists, coaches and athletes to better understand how to quantify this
condition in order to avoid or reduce the effects of cumulative fatigue. However,
both the quantification of cumulative fatigue (such as through markers of
performance and stress during exercise) and strategies for its prevention and
treatment (such as nutritional interventions with green tea extract, found in
Camellia sinensis), are challenging. With a combination of experiments carried
out during the period of the coronavirus pandemic (2020-2023), the objective of
this thesis was to investigate indicators of cumulative fatigue and its effects on
performance in high-level sports competitions, to determine the reliability of
techniques to monitor muscle fatigue, and to evaluate the potential of green tea
extract as a low-cost intervention to minimize the effects of cumulative fatigue.
We interpret our main results as indicating that (1) competitions involving many
consecutive days of exercise lead to cumulative fatigue; (2) cumulative fatigue
can be identified from volume and intensity information monitored during
exercise; (3) performance losses due to fatigue accumulation are influenced by
the choice of rest days throughout the competition; (4) skin temperature
measurements using infrared thermography can help identify markers of
cumulative fatigue in laboratory tests; (5) administration of green tea extract prior
to exposure to the condition of cumulative fatigue is associated with a reduction
in markers of muscle damage and oxidative stress; (6) administration of green
tea extract prior to exposure to the cumulative fatigue condition minimizes
reductions in neuromechanical variables associated with force production in the
cumulative fatigue condition. We consider that the information included in this

thesis contributes to the advancement of knowledge on the subject, with an
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integrative approach to concepts and tools from different areas, helping to better
understand the processes involved in the mechanism of cumulative fatigue, its

better quantification and monitoring, and ways of prevention.

Keywords: antioxidants; muscle damage; electromyography; oxidative stress;
exhaustion; physical exercise; neuromechanics; recovery; infrared

thermography.
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PREAMBULO

Esta tese faz parte de estudos desenvolvidos no Grupo de Pesquisa em
Neuromecanica Aplicada desde o ano de 2012 junto a linha de pesquisa em
“Quimica e Bioquimica de Produtos Biologicamente Ativos” junto ao Programa
de P6s-Graduacdo em Bioquimica da Universidade Federal do Pampa. Naquela
altura, nosso grupo explorava os efeitos do exercicio fisico combinado ou néo
com a suplementacdo com extrato de cha verde (ECV, oriundo das folhas da
Camellia sinensis) sobre diversos aspectos da memadria em modelo animal,
sobretudo pela via da defesa antioxidante (Fléres et al., 2014; Schimidt et al.,
2014, 2017). A medida que avancavamos na compreensio dos mecanismos de
atuacdo do ECV nas defesas antioxidantes a nivel de sistema nervoso central,
ampliavamos nossa revisdo bibliografica para compreender os beneficios no
desempenho durante o exercicio fisico. Vimos que em modelo animal, a
suplementacdo com ECV gerava ganho de resisténcia a fadiga (Murase et al.,
2005, 2006), sugerindo um potencial de aplicabilidade no contexto do exercicio
fisico em humanos.

Mas ao contrario do que presumiamos, os estudos publicados até aquele
momento indicavam que em humanos os efeitos positivos do ECV néo se
repetiam em termos de ganho de forca ou resisténcia durante a pratica de
exercicios extenuantes (Jéwko, 2015). Chegamos a conclusdo que poderia ser
uatil deslocar nosso olhar sobre a fadiga muscular para melhor ajustar a
aplicabilidade dessa intervencéo. A fadiga muscular € a perda de desempenho
que ocorre ao longo de uma pratica de exercicio fisico extenuante, e depende

de um periodo de descanso para recaptar e metabolizar produtos da fadiga, bem
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como reduzir o estresse oxidativo e reconduzir a musculatura exercitada a uma
situacdo de homeostase. Nesse sentido, entendemos que a suplementacdo com
ECV poderia atuar evitando o dano das fibras ou acelerando a recuperacéo dos
musculos exercitados devido a suas propriedades antioxidantes. Vimos que os
estudos geralmente testavam os efeitos da fadiga enquanto ela era desenvolvida
ou imediatamente apds, mas que uma situacdo muito comum no esporte era
negligenciada: a fadiga acumulada. Entendemos a fadiga acumulada como o
resultado da interrupcdo de um periodo de recuperacéo pos-fadiga por um novo
exercicio extenuante, que gera persisténcia do dano muscular e do estresse
oxidativo (Machado et al., 2018). Esse tema foi abordado em minha dissertacéo
de mestrado, defendida no mesmo programa de pdés-graduacao, e concluindo
gue a suplementacdo com ECV é capaz de reduzir estresse oxidativo e preservar
a contratilidade muscular em ciclistas treinados.

Ao observarmos que um produto natural, seguro e de facil acesso
promoveu as defesas antioxidantes em ratos e camundongos, decidimos
investigar sua aplicabilidade em humanos, na tentativa de defender a
musculatura envolvida em exercicios realizados em dias consecutivos do
estresse oxidativo, que além de causar perda de desempenho, fragiliza a
integridade do tecido.

O planejamento inicial para o projeto foi significativamente comprometido
pela condicdo de saude publica estabelecida no mundo todo em decorréncia da
pandemia de coronavirus, mas ao final da jornada, buscamos deixar evidente
gque apesar as limitacbes, conseguimos atingir o objetivo inicialmente proposto,

com alguns ajustes ao longo do caminho.
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APRESENTACAO

Organizamos este documento em cinco capitulos, conforme o
detalhamento a seguir. Os capitulos redigidos especificamente para a
composicao da tese estdo no idioma Portugués. Os artigos originais, que foram
publicados ou que estdo em avaliacao pelas revistas cientificas, estao redigidos
no idioma Inglés, e estdo apresentados conforme a formatacdo indicada pela
revista destino, salvo o posicionamento das tabelas e figuras, as quais optamos
por apresentar ja no corpo do texto.

No primeiro capitulo apresentamos o estado da arte com uma revisao
narrativa da literatura sobre os temas fadiga muscular, suas causas, efeitos e
possiveis intervencdes. Nesse capitulo, damos especial destaque ao extrato de
chéa verde. Finalmente, encerramos a introdu¢cdo com a justificativa do trabalho
e 0s objetivos da pesquisa.

No segundo capitulo, apresentamos o artigo original entitulado
“Exploratory analysis of cumulative fatigue in stage races of professional cycling
derived from volume and intensity indicators”, submetido a revista International
Journal of Sports Physiology and Performance (IF: 4,211).

O terceiro capitulo é composto pelo artigo original “Distance and camera
features measurements affect detection of temperature asymmetries using
infrared thermography”, submetido a revista Quantitative InfraRed Thermography
Journal (IF: 1,57).

A seguir, apresentamos o artigo original com titulo de “Influence of infrared

camera model and evaluator reliability in the assessment of skin temperature
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responses to physical exercise”, publicado na revista Journal of Thermal Biology
(IF: 2,902)

No quinto capitulo, apresentamos o artigo original “Can infrared
thermography serve as an alternative to assess cumulative fatigue?”, submetido
a revista Journal of Thermal Biology (IF: 2,90).

O sexto capitulo é composto pelo artigo original “Green tea
supplementation favors exercise volume in untrained men under cumulative
fatigue”, aceito para publicacdo na revista Science & Sports (IF: 0,987).

Ao final do documento adicionamos uma discusséao e conclusédo geral dos
resultados, bem como percepcdes sobre potenciais aplicacbes praticas e

perspectivas futuras.
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CAPITULO |

1. INTRODUCAO
1.1 Fadiga muscular

1.1.1 Definigdo

Nas ciéncias do esporte e da saude, o termo “fadiga” € utilizado para
descrever diferentes contextos da perda de for¢a, energia, motivagdo ou animo
(Allen & Westerblad, 2001; Greenberg, 2002). E possivel subdividir a fadiga em
central, referente a uma cadeia de eventos ocorridos no sistema nervoso central
(Rosenthal et al., 2008), e periférica, referente a perda de desempenho ou falha
na capacidade de fungbes neuromusculares (Cé et al.,, 2020). Essa divisdo
ocorre sobretudo para fins didaticos e exploracédo de diferentes mecanismos e
tratamentos, mas sabe-se que existe uma interdependéncia entre esses
dominios (Bigland-Ritchie et al., 1978; Taylor et al., 2016). No contexto do
desempenho atlético, a perda de magnitude ou capacidade de sustentar forca
por origem periférica € chamada de fadiga muscular (Enoka & Duchateau, 2008).

As primeiras descricdes académicas disponiveis do fenébmeno de fadiga
muscular no contexto da pratica de exercicios datam do inicio do século XX,
sendo boa parte desses trabalhos acessiveis por meio da revisdo de Karlsson
(1979). Este autor atribui pioneirismo a descoberta feita por Setchenov em 1903,
em que “atividades divertidas” prolongavam o tempo de duracdo em tarefas
extenuantes. Essas atividades divertidas seriam traduzidas
contemporaneamente como treinamento fisico, e da percepg¢do de que elas
melhoravam o desempenho emergiu o campo de estudo da fadiga muscular e

suas condicionantes.
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Naquele momento, o principal mecanismo considerado como
desencadeador da fadiga era a producao de acido latico, “na fibra ou em algum
lugar préximo”, e que seria responsavel por gerar calor no musculo exercitado
experimentalmente, reduzindo sua capacidade contratil (Peters, 1913). Mais
tarde, o aumento da producdo e o acumulo de metabdlitos da contracao
muscular passaram a ser considerados como partes constituintes do
desenvolvimento da fadiga, tanto do musculo exercitado quanto de musculos
nao envolvidos no exercicio, bem como no SNC (Marx, 1933). Ainda, a deplecdo
de substratos necessarios para a contracdo muscular e para a reconversao de
metabdlitos em estoques de energia passaram a ser consideradas como
principais fatores desencadeantes do processo de reducéo da forca e resisténcia
localizada (Karlsson, 1979).

A partir dos anos 70, o numero de estudos sobre fadiga muscular
aumentou expressivamente, o que foi positivo porque permitiu a colaboracéo
internacional no entorno do tema e ampliou a capacidade de compreender a
totalidade do assunto. Mas trouxe a expansao trouxe um problema: a
heterogeneidade das definicbes. Por esse motivo, Enoka et. al. (2008) se
propuseram a revisar a literatura sobre o estudo da fadiga para propor a
padronizacdo de termos, conceitos, e tracar diretrizes para protocolos de
avaliagdo, impactando assim na melhor definicdo do conceito e facilitando o
delineamento de estudos. Eles concluem que a definicdo mais adequada para
fadiga muscular seria “diminuigdo gradual na capacidade de for¢ca do musculo
ou o ponto final de uma atividade sustentada”.

Quanto as consequéncias praticas da fadiga muscular, sabe-se que ela

prejudica o desempenho esportivo e as tarefas de vida diaria (Hunter, 2018). Se
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trata de um processo fisioldgico e transitorio, em que o0 organismo saudavel
encontra meios para recuperar a homeostase e preparar os musculos para
retornarem a seu potencial maximo (J. Fernandes et al., 2019; Peake et al.,
2017). Ainda que o treinamento fisico possa minimizar ou retardar a fadiga
muscular (Ribeiro et al., 2014; Sundstrup et al., 2016), e que existam diversas
propostas de intervencdes para mitigar seus efeitos (Hou et al., 2021), ela &
inerente ao funcionamento do sistema neuromuscular, visto que este dispde de
recursos energeéticos limitados. Desta forma, desde um sujeito sedentario até um
atleta de elite, todos estdo sujeitos aos efeitos limitantes da fadiga muscular.

Para entender o desempenho sob fadiga em esportes cuja pratica
demanda grandes deslocamentos, movimentos amplos e recrutamento
simultdneo de musculos para movimentacdo varios segmentos corporais, é
possivel produzir uma situacao de fadiga mais global e observar seus efeitos em
musculos de interesse (Goodall et al., 2015, 2017; P. W. M. Marshall et al., 2018).
Por outro lado, a fadiga muscular, além de ser causada pela escassez de
nutrientes, é também causada pela producdo de metabdlitos (drtenblad et al.,
2013). Portanto, para alguns estudos € necessario reduzir o nimero de musculos
exercitados para evitar um efeito chamado “fadiga muscular nao local”’, em que
0s metabolitos de um musculo circulam pela corrente sanguinea e afetam o
desempenho de outro (Halperin et al., 2015). Por isso, € importante a
possibilidade de simular situacbes causadoras de fadiga no ambiente e sob os
protocolos controlados de um laboratorio.

Uma vez que esse conceito € compreendido minimamente pela
comunidade cientifica e suas relacdes com o desempenho motor sdo descritas,

surge o interesse em a) compreender melhor os mecanismos envolvidos e b)
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descrever comportamentos associados com a fadiga muscular. Isso acarreta
uma série de protocolos e medidas que se prestam a auxiliar na compreensao
do fenbmeno da fadiga, desde seus mecanismos, até seus efeitos agudos, de

meédio, e de longo prazo.

1.1.2 Eventos biomecanicos da fadiga muscular

Ao simular a fadiga muscular com experimentos realizados em
laboratorio, usando modelos de musculos isolados em vez de corpos inteiros,
amplia-se a oportunidade de utilizar e otimizar medidas biomecéanicas para
descrever em maior detalhe seu desenvolvimento. Em laboratério podemos
avaliar o musculo antes, imediatamente apds e durante a fadiga. Também, é
possivel utilizar equipamentos sensiveis a perturbacdes externas ou aqueles
cuja instalacéo é fixa, como por exemplo, plataformas de forca, dinamémetro
isocinético, cameras termograficas, eletromiografia, etc.

Por meio da dinamometria é possivel verificar que a fadiga muscular gera
reducdo transitéria da forca (Bigland-Ritchie et al., 1978; Clarke et al., 1955),
além de afetar negativamente a taxa de desenvolvimento de forca (D’Emanuele
et al., 2021) e a capacidade de sustentar a forcas maximas e sub-maximas ao
longo do tempo (Hunter et al., 2005). Sumarizamos esses eventos na figura 1.
Também podemos observar que a fadiga muscular tem efeitos relativamente
persistentes, cuja recuperacdo demanda horas ou até mesmo dias, dependendo

da intensidade do protocolo (J. Fernandes et al., 2019; Linnamo et al., 1997).
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possivel notar reducao da magnitude da forca muscular apés a inducéo de fadiga.

Adaptado de (Piponnier et al.

, 2019).

Por meio da eletromiografia (EMG), sabe-se que em exercicio sub-

maximo a fadiga muscular demanda aumento da amplitude do sinal elétrico para

permitir maior recrutamento de fibras, bem como desloca a esquerda os

componentes do sinal elétrico no dominio da frequéncia (Cifrek et al., 2009).
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Em um primeiro momento, a amplitude de ativacao elétrica estimada pela
raiz quadrada meédia (RMS) tem uma relacdo direta com a intensidade de
ativacdo muscular (Boe et al., 2008). A medida que uma tarefa fatigante progride,
0 aumento da magnitude da atividade elétrica é interpretado como uma perda de
eficiéncia, tipica de uma musculatura que encontra estagnacdo na capacidade
de contrair e perda de eficiéncia de suas unidades motoras, exigindo
recrutamento adicional de unidades motoras para realizar a mesma tarefa (Cifrek
et al., 2009). Dessa forma, a EMG pode variar em intensidade e indicar fadiga
muscular. Porém, os estudos tém demonstrado que a relacdo entre fadiga e
ativacao elétrica ndo € linear. A primeira alteracdo na ativacao elétrica tende a
ser um incremento conforme a fadiga muscular se desenvolve (Bilodeau et al.,
2003), mas vez que nao existe mais a possibilidade de incrementar a ativacao
ou em situacbes em que a musculatura ndo parte de uma condicdo de
homeostase, a ativacdo elétrica pode decair com a intensificacdo da fadiga
(Mendez-Villanueva et al., 2012).

Da mesma forma, podem ocorrer mudancas no dominio da frequéncia,
sendo a variacdo no espacamento entre 0s potenciais de acdo de recrutamento
muscular um indicador de reducdo de desempenho durante uma tarefa
extenuante, e uma mudanca no tipo de fibra predominante durante a contracao
(Bilodeau et al., 2003; Cifrek et al., 2009). Algumas das possiveis observacdes
da frequéncia da EMG como indicadores de fadiga sdo o deslocamento da
média, da mediana (Gonzalez-lzal et al., 2012) e do pico de frequéncia, bem
como da razao entre altas e baixas frequéncias (Karthick & Ramakrishnan,
2016). Por fim, uma analise alternativa ad EMG é a entropia, uma forma de

calcular a complexidade dos disparos dos potenciais de a¢do ao longo do tempo,
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em que quanto menor a possibilidade de variacdo do sinal, pior € a condicdo
fisiologica da musculatura avaliada, indicando fadiga muscular (Zhang & Zhou,
2012).

Devido a EMG demonstrar essa relacéo néo-linear com a fadiga muscular
e ao fato de as medidas no dominio do tempo serem muito sensiveis a fatores
extrinsecos, demandando especial cuidado na coleta e processamento de sinais
em testes em diferentes dias (Albertus-Kajee et al., 2010), os pesquisadores tém
procurado e desenvolvido técnicas alternativas para atestar a presenca e a
intensidade da fadiga muscular.

Uma medida indireta da fadiga que pode funcionar como alternativa € a
termografia infravermelha (IRT), que recentemente vem sendo utilizada para
tentar descrever a relacdo entre a fadiga resultante do exercicio fisico e
variacGes da temperatura da pele (Priego Quesada et al., 2015). A IRT € medida
por meio de cameras termograficas, que possuem sensores

Termografia infravermelha € uma técnica de imagem usada pra registrar
radiacdo infravermelha, e a partir dela estimar as temperaturas de uma superficie
(Priego Quesada, 2017). Os raios infravermelhos ndo estdo no espectro visivel,
mas sao emitidos por todo corpo que apresenta calor (Ring, 2006). Existem
diferencas entre alguns corpos em funcao de suas propriedades fisicas, o que
impacta na capacidade de deteccdo da temperatura por meio da camera
termografica. Algumas das propriedades que impactam na capacidade de a
camera termografica medir calor sdo a absorbancia, a emissividade, a
refletividade e a transmissividade. Dessas, destacamos a emissividade como
variavel mais importante para o tipo de medida realizada na biomecanica, que

indica a capacidade de um corpo emitir raios infravermelhos, ou seja, de mostrar
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a camera sua temperatura. A pele humana tem a emissividade quase perfeita,
variando entre 0,97 e 0,99, em uma escala que vai até 1 (Priego Quesada, 2017).

Existem pelo menos duas hipoteses que sustentam o uso da IRT nos
estudos da fadiga. A primeira € que o exercicio fisico gera demanda de sangue
nas regides exercitadas, o que aumenta a irrigacdo ndo somente nos musculos,
mas também nos capilares mais externos, aquecendo a pele. Apds uma
vasoconstricdo periférica inicial, o aumento da temperatura central demanda
vasodilatacao para eliminacéo de calor (Simmons et al., 2011). Por outro lado,
entre 0s mecanismos de termorregulacdo que sdo disparados pelo exercicio
sustentado esta a sudorese, que gera dissipacdo de calor por meio da
evaporacao e levando a uma manutencao ou resfriamento na pele avaliada (A.
de A. Fernandes et al., 2014; Formenti et al., 2013). A segunda, € que 0 exercicio
fisico gera dano muscular (J. Fernandes et al., 2019). Esse dano muscular é
resolvido por meio de um processo inflamatoério, que gera um aquecimento local
ao longo de até 4 dias (Peake et al., 2017). Esse calor produzido nos musculos
seria transmitido por inducdo aos tecidos mais superficiais até o ponto de
aguecer a pele, e esta emitir radiagdo correspondente ao calor até a deteccao
da camera termografica. Até o momento, ndo h4d um consenso sobre a
aplicabilidade e a melhor forma de avaliar a IRT no contexto da fadiga muscular

(Hadzi¢ et al., 2019), portanto estudos mais aprofundados séo necessarios.

1.1.3 Eventos bioquimicos relacionados com a fadiga muscular
A contragdo muscular pode ser descrita como uma cadeia de eventos
bioguimicos que acontecem em paralelo a eventos mecanicos, frequentemente

os influenciando. O modelo das pontes cruzadas é atualmente o0 mais aceito para

39



explicar a contragdo muscular e, consequentemente, a produ¢do de movimento
e forca (Karp, 2010). Esse modelo indica de forma esquematica que o musculo
€ composto por uma série de miofibrilas, que por sua vez sdo compostas por um
incontavel numero de pares de proteinas que interagem: a actina, que pode ser
indicada como uma estrutura longa e estatica, que se projeta e se liga a uma
base que ancora nas linhas Z o esquema em dois sentidos; e a miosina, que €
uma proteina longa e fina que se insere entre as actinas e possui bragcos com a
propriedade de se ligar a actina e curvar-se, puxando as actinas, encurtando a

distancia entre as linhas Z e realizando movimento (figura 2).

Banda | Banda A Banda |
| . I Zona H I l_
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! Filamento fino
s (actina)

Figura 2. Diagrama do modelo de pontes cruzadas dos sarcOmeros, apresentando a

matriz de filamentos sobreposta. Adaptado e traduzido de Karp (2010).

Para acontecer a contracdo muscular, esse sistema precisa de nutrientes,
0 que converte energia quimica em energia mecanica e calor. Disso, se conclui
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que a fadiga muscular pode ocorrer por diminuicdo dos estoques nutricionais
(Drtenblad et al., 2013). A base nutricional da contragédo muscular é o aporte de
glicogénio, que € substrato para producao de adenosina trifosfato (ATP) no ciclo
de Krebs e, principalmente, na cadeia transportadora de elétrons (Hargreaves &
Spriet, 2020). O ATP é uma molécula utilizada como forma de armazenar e
transferir a energia nas ligacdes de fosfatos, necesséria para realizar o ciclo de
contracdo muscular, uma vez que se liga no complexo actina-miosina e o desfaz,
possibilitando uma nova ligacéo e nova contracao (Lai et al., 2008). Dessa forma,
nao é possivel realizar contracdo muscular sem ATP, e, portanto, tanto o ciclo
de Krebs quanto a cadeia transportadora de elétron sdo fundamentais para essa
acao.

O aumento da atividade da cadeia transportadora de elétrons para
produzir energia, principalmente nos complexos | e Ill, gera como consequéncia
altos niveis de espécies reativas de oxigénio (ERO), como superéxido, o
peréxido, os radicais de hidroxila, etc. (Steinbacher & Eckl, 2015). Estes
elementos altamente instaveis S80 necessarios em processos como acao
imunoldgica e indiretamente a hipertrofia (Barbieri & Sestili, 2012; Powers &
Jackson, 2008). Por outro lado, as ERO prejudicam a dindmica da contracéo
muscular ao afetarem negativamente a dindmica de acoplamento e
movimentacgao entre actina e miosina. Prochniewicz et. al. (2008) indicam que as
ERO causam uma desorganizacao da transi¢ao entre a ligagao fraca e a ligacao
forte entre actina e miosina, justamente o momento em que atualmente se
considera como sendo a fase de maior producéo de forca no modelo de pontes
cruzadas. Além de afetar a contratilidade, as ERO podem causam dano oxidativo

em outras moléculas, sendo capazes de corromper e até degrada-las
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(Steinbacher & Eckl, 2015), o que no contexto do exercicio pode significar a
geracdo de dano muscular, do qual falaremos a seguir.

O organismo possui meios de equilibrar a producdo e neutralizacao de
ERO com algumas enzimas endogenas e pelo consumo de produtos
antioxidantes a fim de manter os processos fisioldgicos (Dekkers et al., 1996;
Lamprecht, 2015). Citamos aqui alguns exemplos: a superéxido dismutase é
uma enzima que reduz o radical superoxido (O™2) em peroxido de hidrogénio
(H202) e oxigénio (O2) (Fukai & Ushio-Fukai, 2011); a glutationa peroxidase
reduz o peroxido de hidrogénio (H202) a agua (H20) (Lubos et al., 2011); a
glutationa redutase é a enzima responsavel por gerar a reducédo da glutationa
dissulfeto (GSSG) a forma sulfidril (GSH), que por sua vez tem propriedade
antioxidante (Couto et al., 2016); e por fim, a catalase com funcéo de decompor
o0 peroxido em H20 e O2 (Goyal & Basak, 2010).

Por outro lado, quando a producdo de ERO é exacerbada e as defesas
antioxidantes se tornam insuficientes para equilibrar o sistema, ocorre a situacao
de estresse oxidativo, que consiste em a sobreposi¢do da quantidade de ERO
sobre as defesas antioxidantes ser tamanha ao ponto de as ERO reagirem com
diversas moléculas celulares (Birben et al., 2012). No contexto da fadiga
muscular, tanto a respiracdo celular quanto o recrutamento de células
inflamatérias em resposta ao dano muscular podem gerar estresse oxidativo,
que por sua vez nao so retarda a resolu¢do do dano muscular como o intensifica,
contribuindo para a perda de for¢ca (Accattato et al., 2017).

Além da ja relatada deplecdo de nutrientes e do estresse oxidativo, as
analises bioquimicas indicam que a fadiga muscular ocorre por consequéncia do

dano muscular, definido como a ruptura e desorganizacdo dos sarcOmeros em
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decorréncia de contracdes intensas, geralmente excéntricas e as quais o sujeito
nao esta habituado (Clarkson & Hubal, 2002). A principio, o dano muscular &
causado quando a tensdo mecanica promovida pela contracdo € maior do que a
capacidade de as unidades contrateis resistirem (Kuipers, 1994), mas o dano
muscular persiste e até aumenta mesmo apos encerrada a tensdo mecanica (da
Silva, Machado, Souza, Mello-Carpes, et al., 2018). O dano muscular também
se retro-alimenta toda vez que a desorganizacgao e ruptura de sarcomeros libera
o fon célcio (Ca?*) do reticulo sarcoplasmatico ao citoplasma, estimulando
enzimas proteoliticas a degradar novas porcBes do musculo. Esse dano
continuado pode durar de 1 a 3 dias apds o0 exercicio excéntrico (Fatouros &
Jamurtas, 2016)

Uma vez que o estimulo mecéanico gera dano muscular, o sistema
bioldgico recruta o processo inflamatério como estratégia para conter a piora do
estado do tecido e promover a regeneracdo (Peake et al., 2017). O processo
inflamatorio se utiliza das ERO como sinalizador para recrutar mais células do
complexo inflamatério, bem como para degradar parte dos metabdlitos. Por outro
lado, a inflamacédo tende a produzir niveis de ERO que por um periodo
intensificam o dano muscular pela agressao quimica ao masculo uma vez que
agem oxidando moléculas diversas, o que retroalimenta o préprio dano (Mittal et
al., 2014). O dano muscular, portanto, € um evento que gera perda de eficiéncia
muscular, contribuindo para a perda de forca e resisténcia que caracteriza a
fadiga muscular (Khaitin et al.,, 2021). Concomitante ao dano muscular, 0
musculo experimenta a liberacéo de altos niveis de creatina quinase (CK) que,
além de ser um importante marcador do dano, € por si s6 um fator intensificador

da fadiga uma vez que afeta a concentracédo de fosfato inorgéanico no sistema
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(Dahlstedt et al., 2000). A CK é uma enzima responsavel pela refosforilacdo da

creatina na mitocondria, produzindo fosfocreatina (Pcr), que atua como um

reservatorio para rapida disponibilizacdo de energia em diversos tecidos ao

manter o equilibrio entre moléculas de adenosina trifosfato (ATP) e adenosina

difosifato (ATP) (Wallimann et al., 1992), conforme esquematizado na figura 3. A

medida em que o exercicio vigoroso promove danos as fibras musculares, ocorre

0 extravasamento de proteinas intracelulares a corrente sanguinea, dentre eles

a CK gue se torna um importante marcador de dano muscular (Baird et al., 2012).

/

Mitocéndria

7 Cr ADP —— ADP + Pi
|
Fosforilagdo
oxidatival
PCr «—1 Per ATP € - ATP
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'
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Figura 3. Circuito da fosfocreatina (Pcr) com especial destaque a participacéo da

creatina quinase (CK) no equilibrio ATP (adenosina trifosfato)/ADP (adenosina

difosfato) durante o exercicio fisico. Traduzido de Baird (2012).
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Vimos anteriormente que a fadiga muscular é responsavel pelo
desenvolvimento de processos inflamatoérios locais, principalmente quando a
fadiga € acompanhada de dano muscular. A inflamacdo é um processo
fisiologico responsavel pelas defesas imunolégicas a estimulos ameacadores,
como patdgenos, agentes quimicos, radiagdes ou tecidos organicos danificados
(Chen et al., 2018). O ultimo caso é o que desencadeia a inflamacao decorrente
da fadiga muscular. Sempre que o dano muscular € induzido, ocorre uma
producdo de metabdlitos que englobam os produtos das reacdes quimicas
responsaveis pela contracdo, e também fragmentos das proteinas dos
sarcdmeros que foram rompidas pela tensdo mecanica, bem como seu contetudo
intracelular (Fatouros & Jamurtas, 2016). Logo, o dano muscular desencadeia o
aumento de proteina c-reativa, interleucinas 1 e 6 (il-1, il-6), fator de necrose
tumoral-alfa (TNF-a) e factor nuclear kappa B (NF-kB) como sinalizadores
inflamatorios (Fernandez-Lazaro et al., 2020). Essa sinalizacao recruta agentes
imunoldgicos como células inflamatorias (neutréfilos, macrofagos, linfocitos T e
mastoécitos), células-tronco musculares, células vasculares, etc. com o objetivo

de remover dejetos e remodelar o masculo danificado (Peake et al., 2017).

1.2 Recuperacdao da fadiga

Apés o fim de um exercicio vigoroso que foi capaz de induzir dano
muscular, inicia-se um periodo de recuperacdo muscular. Essa recuperagao
consiste em devolver ao masculo a sua homeostase, em que sua capacidade
contratil e, consequentemente, de produzir for¢a, esteja integra. Aléem disso, o
musculo regenerado devera estar livre de qualquer tipo de infiltrado inflamatorio,

metabdlitos e producdo exacerbada de ERO. Em resumo, igual a situagdo em
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gue se encontrava em um momento pré fadiga muscular (Armstrong et al., 1991).
Para alcancar essa regeneracdo, o musculo deve respeitar uma temporalidade,
gue € o ciclo de recrutamento e acao dos elementos inflamatorios. Peake et. al.
(2017) demonstraram que levando em conta o surgimento, acao e remoc¢ao dos
diferentes tipos de células inflamatdrias, o musculo estara alterado desde o inicio
até 7 dias apds o dano muscular induzido pelo exercicio.

E importante destacar que a temporalidade e intensidade da perda de
forca, bem como dos demais efeitos da fadiga, ndo necessariamente sera
congruente a do processo inflamatorio. A recuperacao da forca maxima depende
do tipo e intensidade do exercicio (Hakkinen, 1995), da musculatura envolvida,
idade, sexo ou nivel de treinamento do participante (Enoka & Duchateau, 2008).
Para ilustrar a dependéncia da recuperacdo da fadiga em relacdo ao tipo de
exercicio e as caracteristicas dos participantes, citamos um estudo que observou
gue mulheres demoram mais pra recuperar a forca maxima isométrica pés fadiga
(Albert et al., 2006), enquanto que outro demonstra que homens e mulheres ndo
diferem na recuperacdo quando o teste de forca maxima é feito envolvendo
contracao isocinética (Gomes et al., 2021).

Por fim, mesmo que a forca maxima ou a resisténcia estejam recuperadas
antes do fim do processo inflamatério, outros componentes da fadiga ainda
podem estar presentes, como o acumulo de metabdlitos e perda de contratilidade
que, se por um lado, é contornada pelo sistema neuromuscular para produzir
forca maxima, pode estar rebaixado na tarefa de absorver energia mecanica,

expondo o musculo ao risco de lesdo (Mair et al., 1996).
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1.3Fadiga acumulada

Chamamos de “fadiga acumulada” ou “fadiga cumulativa”, aquela
condicdo em que uma pessoa é submetida a dias consecutivos de esforco fisico
capaz de gerar fadiga muscular, sem disponibilizacdo de tempo suficiente para
recuperacado entre as sessoes (P. W. Marshall et al., 2021; Montgomery et al.,
2008; Stewart et al., 2008). Essa organizacao espacial do esforco extenuante em
dias sucessivos é comum em alguns esportes coletivos, tais como o basquete,
ciclismo e até mesmo no treinamento de forca (El Helou et al., 2010; Montgomery
etal., 2008; Yang et al., 2018). Também pessoas pouco treinadas ou sedentéarias
podem experimentar essa situacao, desde que seu planejamento de ingresso a
um ciclo de atividade envolva dias repetidos de exercicios. Por fim, é importante
entender os mecanismos envolvidos na fadiga acumulada decorrente da
auséncia de descanso apropriado para melhor planejar programas de
reabilitacéo fisioterapéutica, mesmo que a intensidade da fadiga desenvolvida
possa ser menor.

E importante destacar que nenhuma medida ou marcador é por si s6
capaz de descrever ou atestar a fadiga acumulada (Kataoka et al., 2022). Sua
manifestacdo depende da combinacéo entre as caracteristicas e o historico das
pessoas testadas, os musculos envolvidos, os exercicios executados e a forma
de avaliar fadiga. Portanto, € interessante entender a fadiga acumulada como
uma categoria derivada de multiplas observacdes, a qual deve ser compreendida
nas suas caracteristicas gerais e ndo como alguma medida especifica.

Os efeitos da fadiga acumulada sao conflitantes na literatura. Por um lado,
para atletas bem treinados e submetidos a uma fadiga de corpo inteiro, o periodo

de descanso de um dia para o outro de exercicio parece ser suficiente para
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recuperar a condicdo de produzir forca e a contratilidade muscular (P. W.
Marshall et al., 2021). Aparentemente, pessoas muito treinadas se beneficiam
da sua alta capacidade de recuperacao. Porém, como bem indicam os autores,
esse estudo tem limitagcbes que impedem a generalizacdo dos achados para
outras populacoes.

Outros estudos vao no sentido oposto, indicando que dias consecutivos
de exercicios geram perda de desempenho muscular. Sanchez-Migallon (2022)
demonstraram que jogadoras profissionais submetidas a dois dias consecutivos
de partidas de hockey apresentaram perda de forca em abdutores e adutores do
quadril, principalmente no membro ndo-preferido. No mesmo sentido, homens
sedentarios submetidos a trés dias consecutivos de exercicio maximo mostraram
perda de forca que persistiu por até 3 dias (Stewart et al., 2008). Além de reduzir
a forca, a fadiga acumulada causa reducao na velocidade de contracdo, perda
de resisténcia e alteracdo no sinal mecanomiografico em homens bem treinados
(Tosovic et al., 2016).

A fadiga acumulada também afeta negativamente marcadores
bioquimicos da fadiga e do status muscular, por exemplo alterando a presenca
de citocinas pro e anti-inflamatorias apés dois dias de exercicios de Crossfit
(Tibana et al., 2016), aumentando dano muscular em ciclistas submetidos a
exaustédo de extensores (da Silva, Machado, Souza, Mello-Carpes, et al., 2018)
e gerando aumento de marcadores de estresse oxidativo em ciclistas

submetidos a pedaladas em dias consecutivos (Shing et al., 2007).
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1.4Intervencdes de combate a fadiga

Como vimos na contextualizacdo historica do conceito de fadiga, sua
descoberta se da justamente pela observacao das “atividades divertidas” como
uma intervencdo. Dessa forma, notamos que os estudos da fadiga muscular
ocorrem justamente com o objetivo final de reduzir, evitar, ou compensar seus
efeitos. A fadiga muscular € um problema tanto para o desempenho esportivo,
guando para o tratamento fisioterapéutico. No primeiro caso, pode-se dizer que
obterdo os melhores resultados esportivos aqueles que melhor mitigarem os
efeitos da fadiga. No segundo caso, € possivel pensar na fadiga como um
limitante temporal dos protocolos de reabilitacdo, impedindo a antecipacao do
momento de alta dos pacientes. A seguir, comentamos as intervencdes de

combate a fadiga sob as perspectivas ativa e passiva.

1.4.1 Intervencdes ativas

Chamamos de intervencfes ativas aquelas que ndo somente Sao
realizadas voluntariamente pelo participante, mas que impdem movimentacao
ou acao mecanica aos musculos.

A mais consolidada intervencéo voltada a reduzir os efeitos da fadiga € o
treinamento de forca com emprego de pesos externos, isto €, a imposicao de
cargas por um determinado conjunto de séries e repeticdes e cujas sessdes
estdo dispostas ao longo de vérios dias, consecutivos ou ndo, para promover
adaptacdes positivas em termos de forca e/ou resisténcia (P. W. Marshall et al.,
2021; Schoenfeld et al., 2016). Essa abordagem é amplamente estudada, o que
significa que a margem de ganhos com novas técnicas € cada vez menor. Outra

limitacdo € o fato que seus beneficios demandam grande tempo de adaptacao,
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sendo 0s ganhos nos primeiros meses de treinamento advindos principalmente
de adaptacdo neural, sem necessariamente garantir ao musculo o ganho
estrutural que repercute em forca ou resisténcia (Folland & Williams, 2007).
Também em forma de exercicio, € comum atletas procurarem a
recuperacao ativa da fadiga pela pratica do mesmo exercicio que a causou, sO
que realizado em intensidade baixa. A hipotese que sustenta essa intervencéo é
gue a manutencéo do fluxo sanguineo em alta intensidade acelera a remocéao de
metabdlitos do dano muscular decorrende da fadiga, mas sua adesdo encontra
como empecilho a falta de estudos que indiquem a intensidade adequada, bem
como o fato de serem beneficiados atletas com um nivel de treinamento elevado

(Ortiz et al., 2019).

1.4.2 Intervencdes passivas

Outras intervencdes sdo aplicadas de forma passiva aos sujeitos
submetidos a fadiga, ou seja, sem a participacao ativa do participante e sem ter
a movimentacdo ou a acdo mecanica sobre as musculaturas como principal
mecanismo de acdo da terapia.

Nessa categoria de intervencbes também observamos uma muito
utilizada: a crioterapia, crioestimulacao ou imersdo em agua e gelo. Essa técnica
também tem como principio a constricdo vasoperiférica, mas por meio da
resposta ao estimulo térmico (Charkoudian, 2003), visando reduzir a
permeabilidade dos capilares e combatendo o edema periférico, inflamacéo e
dor tardia (Banfi et al., 2009). Essa técnica é relativamente barata e facil de

executar, mas Bouzigon et. al. (2021) argumentam que sao necessarios estudos
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gue possam consolidar protocolos de tempo/dosagem. Além disso, ndo se sabe
sua eficacia para recuperacao da fadiga acumulada.

A seguir, citamos a utilizacdo de recursos eletrotermofototerapéuticos na
tentativa de evitar ou reduzir os efeitos da fadiga muscular. A fototerapia tem
como objetivo promover modificacdes estruturais e bioquimicas nos musculos
irradiados, com o objetivo de melhorar o padrédo de consumo de energia,
conforme observado em modelo animal (Vieira et al., 2006). Um estudo recente
indica que a laser terapia de baixa intensidade (sobretudo a 135J/musculo)
aumenta o tempo de tolerancia a pedaladas em atletas treinados, mas também
na qualidade da contratilidade (Lanferdini et al., 2018), mas uma meta-analise
indica mais uma vez a falta de padronizacéo para determinar a efetividade da
técnica (Wang & Wang, 2019). De qualquer forma, essa terapia ndo € téo
acessivel, uma vez que depende de equipamentos de alto custo e ndo séo
conhecidos seus beneficios na fadiga para dias consecutivos de exercicio.

A eletroterapia também tem restricdes a generalizacédo de sua aplicacéo
na populacao interessada em combater a fadiga muscular devido aos custos e a
relativa complexidade da execucdo. Sob a hipotese de melhorar o fluxo
sanguineo pela diminuicdo da resisténcia periférica (Miller et al., 2000) ou de
aumentar a tolerAncia ao exercicio pela via do alivio de sensacfes
desagradaveis geradas pela fadiga (Astokorki & Mauger, 2017), alguns estudos
buscaram avaliar a efetividade da eletroterapia na recuperacao pos exercicio,
mas os resultados foram conflitantes (Lattier et al., 2004; Zarrouk et al., 2011).
Além disso, mais uma vez ndao sabemos seus efeitos na fadiga acumulada na

comparagcao com outras técnicas.
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Outra intervencao passiva envolve recursos terapéuticos manuais, como
massoterapia, que visam gerar relaxamento muscular no pos-exercicio e
favorecer o fluxo sanguineo, além de buscar reduzir edema e promover
regeneracao de tecidos (Weerapong et al., 2005). A massoterapia pode ser
aplicada por um profissional ou feita pelo préprio sujeito por meio de recursos
como o foam roller, em que o participante utiliza a propria massa corporal contra
uma esponja texturizada para produzir a massagem (Jo et al., 2018). Porém,
uma analise sistematica com meta-analise sobre o efeito da massoterapia na
recuperacao de forca pés-fadiga indicou que a massagem néao tem efeito sobre

a forca (Davis et al., 2020).

1.4.3 Suplementacdes, como as com extrato de cha verde

Por fim, dentre as estratégias de prevencdo ou recuperacdo da fadiga
muscular existe a suplementacdo com produtos antioxidantes naturais (JoOwko,
2015). Os antioxidantes sédo elementos estaveis o suficiente para doarem um
elétron a raciais livres, sendo capazes de minimizar danos oxidativos em
biomoléculas (Lobo et al., 2010). No contexto do exercicio fisico, como ja
mencionado, as principais fontes de radicais livres, notadamente as espécies
reativas de oxigénio (ERO), sdo os processos bioquimicos da producdo de
energia (principalmente na cadeia transportadora de elétrons (Steinbacher &
Eckl, 2015) e mais tardiamente os processos inflamatdérios resultantes do dano
muscular (Wadley et al., 2013).

As ERO sé&o moléculas reativas derivadas da reducdo de moléculas de
oxigénio, dentre elas encontram-se: superéxido (03), radical hidroxila (OH"),

radical peroxil (RO3), radical alcoxido (RO") e hidroperoxil (HO3). Essas ERO sé&o
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mediadoras de diversos processos fisiologicos (Beckhauser et al., 2016;
Rahman et al., 2012), mas séo causadoras de danos em estruturas e moléculas
uma vez que sua ocorréncia se da em quantidade maior do que as capacidades
defensivas do organismo. Nesta revisdo ja citamos as acdes das enzimas
antioxidantes como forma de protecdo contra o estresse oxidativo (ver secao
1.1.3).

Adicionalmente as defesas enddgenas, podemos incrementar as defesas
ao estresse oxidativo por meio do consumo de produtos dietéticos. Eles atuam
sendo oxidados em substituicAo a outras potenciais estruturas bioldgicas
(Seifried et al., 2007). Produtos como a vitamina C e os flavonoides presentes
em diversas partes de um amplo grupo de plantas sdo amplamente utilizados e
estudados devido ao seu papel no combate a diversas doencas (Panche et al.,
2016; Seifried et al., 2007).

Por causa da sua aplicabilidade no contexto clinico, os produtos
antioxidantes passaram a ser testados e utilizados na tentativa de retardar ou
combater a fadiga muscular (Jowko, 2015), principalmente as folhas da Camellia
sinensis, uma planta rica em catequinas, sobretudo na forma de extrato de cha
verde (ECV) (Schimidt et al.,, 2017). A escolha do ECV como intervencao
dietética se deve ao fato de essa ser a segunda bebida mais consumida no
mundo, atras apenas da agua (Khan & Mukhtar, 2013), e sendo considerada,
além de acessivel, uma suplementacdo segura para diversos publicos, com
baixas possibilidades de toxicidade nos niveis utilizados em estudos com
humanos no contexto do exercicio fisico (Bedrood et al., 2018; Jowko, 2015).

As catequinas sao compostos polifendicos da familia dos flavonoides, cuja

constituicdo basica é baseada na presenca de dois ou mais anéis aromaticos
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(chamados anéis A e B), cada um com pelo menos uma hidroxila aromatica
conectada com uma ponte de carbono e um heterociclo diidropirano (o anel C)
com um grupo hidroxila no carbono 3 (Braicu et al., 2013) (figura 4). As
catequinas atuam como antioxidantes por meio de dois mecanismos de acao
principais: neutralizacdo de radicais livres (direta) por meio de doacdo de um
elétron do grupo fendlico OH ou estabilizacdo por ressonancia dos radicais
aroxila (PO) (Fraga et al., 2010); e estimulo a producédo de enzimas antioxidantes

(indireta) (Bernatoniene & Kopustinskiene, 2018).

OH OH OH
OH OH OH
HO oL HO 0 HO 0
& ¥ OH
OH “on “on
OH OH OH

(+)-Catequina (-)-Epicatequina (-)-Epigalocatequina

(-)-Epicatequina galato (-)-Epigalocatequina galato (EGCG)

Figura 4. Estruturas quimicas das principais catequinas presentes no cha verde.

Adaptado de Suzuki et. al. (2016).

A suplementacdo ECV foi capaz de melhorar a resisténcia fisica em
camundongos submetidos a exercicio de corrida (Murase et al., 2006) e nado até
a exaustdo (Murase et al., 2005). Ou seja, para esse modelo experimental, o

ECV atuou retardando a fadiga aguda, aguela desenvolvida ao longo da pratica
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de um exercicio. A partir disso, diversos autores tentaram encontrar uma
aplicabilidade para humanos, mas diversas revisdes indicam que néo foi possivel
transpor esse beneficio (Hernandez et al., 2012; Jéwko, 2015).

Se a suplementacdo com ECV ndo aumenta o desempenho atlético e
tampouco retarda a fadiga muscular em humanos, talvez a sua aplicabilidade
deva ser investigada em outro contexto. Tendo em vista que ndo € somente no
momento da realizacdo do exercicio, mas também no periodo entre os insultos
promovidos em dias consecutivos que ocorrem eventos bioquimicos prejudiciais
ao desempenho, tais quais o estresse oxidativo e o dano muscular, chegamos a
conclusdo de que a suplementacdo com ECV pode ter aplicabilidade como
estratégia para preservar o desempenho neuromuscular na situacédo de fadiga

acumulada.
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1.5JUSTIFICATIVA

A fadiga muscular é um fenémeno fisiolégico, portanto esperado, que em
condic0es tipicas € resolvido pelo organismo sem maiores problemas (Enoka &
Duchateau, 2008; P. W. Marshall et al., 2021). O sistema imunolégico é capaz
de remover os metabdlitos da fadiga muscular, bem como remodelar o masculo
gue sofreu dano muscular (Accattato et al., 2017; Fernandez-Lazaro et al., 2020).

Em termos de producdo de forca, a recuperacdo da fadiga muscular
depende de varias caracteristicas do participantes (Baumert et al., 2021) e dos
parametros do momento de sua inducdo (Moran-Navarro et al., 2017), podendo
a forca voltar a niveis basais no dia seguinte ou permanecer abaixo do normal
por alguns dias (Linnamo et al., 1997; P. W. Marshall et al., 2021). Apesar de a
forca e a resisténcia serem os parametros de onde se constréi o conceito de
fadiga, € possivel que a forca retorne ao normal e outras variaveis biomecanicas
permanecam prejudicadas, o que indica por um lado que o sistema
neuromuscular tem mecanismos redundantes que se compensam entre si para
executar uma tarefa (P. W. Marshall et al., 2021), mas também que o musculo
pode estar produzindo forca numa situacao de fragilidade, aumentando o risco
de leséo.

A variabilidade da presenca de marcadores bioquimicos da fadiga
muscular também depende do protocolo como um todo, mas podemos tomar o
comportamento da CK como um bom descritor do status muscular. Esse
marcador de dano geralmente estara muito perto dos valores basais no imediato
poOs-exercicio, mas apresentara um pico no momento 48 horas apés. Por fim,

sua normalizacéo é esperada 4 dias apds o exercicio (Baird et al., 2012).
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Em resumo, uma vez que a fadiga muscular ocorre, € necessario respeitar
uma certa temporalidade para que o masculo se encontre mais uma vez em sua
situacdo de normalidade. Porém, nem sempre esse periodo pode ser respeitado,
seja pela necessidade de acelerar um protocolo de reabilitagcdo, seja pela
inviabilidade de um planejamento de exercicios suficientemente espacado, seja

pela necessidade de competir em alta performance por dias consecutivos.
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1.6 OBJETIVOS

1.6.1. Objetivo geral

Descrever o fendmeno da fadiga acumulada e propor formas de avaliacao

e intervencdo para minimizar seus efeitos sobre o funcionamento do sistema

neuromuscular.

1.6.2 Objetivos especificos

Realizar uma analise exploratéria do curso temporal dos efeitos
cumulativos da fadiga no volume e na poténcia de ciclistas profissionais
durante duas edicGes de um grand tour. Além disso, analisar como os dias
de descanso impactam os indicadores de fadiga cumulativa.

Determinar se as especificacdes de distancia e camera afetam a deteccéo
de assimetrias térmicas, método comumente utilizado na avaliacdo de
membros sob efeito de fadiga muscular.

Avaliar a confiabilidade intercAmeras e interexaminadores entre trés
cameras termograficas comerciais com diferentes resolucdes espaciais
considerando medidas realizadas antes e ap6s o exercicio fisico.
Reproduzir uma situacdo de fadiga acumulada e determinar se a
termografia infravermelha pode avaliar seus efeitos servindo como
ferramenta de monitoramento.

Determinar se a suplementacéo de extrato de cha verde pode minimizar
os efeitos da fadiga acumulada em marcadores bioquimicos e

desempenho neuromecanico.

58



CAPITULO Il

ARTIGO ORIGINAL

Exploratory analysis of cumulative fatigue derived from volume and

intensity indicators in stage races of professional cycling

Alvaro Sosa Machado?, Carlos De la Fuente!23, Alejandro Javaloyes*, Manuel

Moya-Ramon 4°, Manuel Mateo-March*® & Felipe P Carpes?

1 Applied Neuromechanics Research Group, Multicenter Graduate
Program in Physiological Sciences, Federal University of Pampa, Uruguaiana,
RS, Brazil

2 Carrera de Kinesiologia, Dpto. de Ciencias de la Salud, Facultad de
Medicina, Pontificia Universidad Catdlica de Chile, Santiago, Chile.

3 Centro de Innovacion, Clinica MEDS, Santiago, Chile.

4 Sport Sciences Department, Universidad Miguel Hernandez de Elche,
03202 Elche, Spain.

5 Sport Sciences Department, University Miguel Hernandez, Alicante
Institute for Health and Biomedical Research (ISABIAL-FISABIO Foundation),
Alicante, Spain

6 Faculty of Sport Sciences, Universidad Europea de Madrid, 28670

Madrid, Spain.

59



2.1 Abstract

Here we discuss cumulative fatigue based on volume and power output from 12
professional male cyclists during two consecutive editions of the Giro d'ltalia.
Volume and power output were recorded and described according to time at
different intensity zones based on power output (ZO lower to Z7 higher).
Correlations, principal component analysis (PCA), Gaussian clustering, and two-
way ANOVA were performed (type error | of 5%). The higher intensity zones
elicited higher power output in those shorter stages (R? = 0.54). In contrast, the
lower intensity zones were predominant in longer stages. The time spent in Z1 to
Z3 (r = 0.67, 0.84, and 0.73) correlated more with stage's volume duration than
time in Z4 to Z7 (r = 0.48, 0.44, and 0.51, and 0.38). The normalized volume
declined between stages 2 to 4, 8 to 10, 13 to 15, and 18 to 19. Negative slopes
of time spent in Z4 and Z6 occurred one or two stages before Z1 presented
negative slopes. In contrast, positive slopes of higher intensity zones were
observed with a negative slope of Z1. Different clusters distributions of time
volume to complete the grand tour were found (p<0.05). Finally, average power
in Z1, Z2, Z3, Z4, Z5, Z6, and Z7 explained 63.62%, 18.20%, 8.12%, 5.84%,
2.98%, 1.20%, and 0.02% of the total variance in the normalized time volume,
respectively. Volume and power zone data can recognize cumulative fatigue and
performance recovery during a grand tour. Rest days favored the performance

recovery, mostly the second rest day.

Keywords: exhaustion; recovery; muscle damage; sports performance;

endurance.
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2.2 Bullet points

o Markers of cumulative fatigue can be identified analyzing power and
volume data during cycling grand tours.

o Performance reductions during cycling grant tours are preceded by a
decrease in time spent in moderate to high intensity zones.

o The second rest day during cycling grand tours has the best impact on
performance increase for subsequent stages.

o Cyclists develop two different intensity zones distribution (clusters) in the
time-volume to complete the grand tour without differences in average power

output.
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2.3 Introduction

For professional men cycling athletes, there are three main grand tours
with similar characteristics of consecutive days of racing and extreme exigence
in terms of performance. The grand tours have a mileage of 3,300 to 3,500 km
divided into 21 stages, with single days of rest distributed along the stages. In
these races, athletes achieve an average power output of around 260 W (1).
However, little knowledge about stage profiles has been considered (2).

Consecutive days of racing induce cumulative fatigue (1). Muscle fatigue
reduces the ability to produce force over time (3) and causes muscle damage
that triggers physiological events i.e. oxidative stress and inflammation (4). The
inflammatory reaction (a cycle lasting up to 120 h) starts restoring the muscle
integrity process (muscle homeostasis and regeneration) (5). Unfortunately,
consecutive days of exercise interrupt the recovery cycle and reinforce the
production of muscle damage, oxidative stress, and inflammation resulting in the
cumulative fatigue condition (6). Previous studies have explored the effects of
cumulative fatigue on isolated muscle conditions (7), in incremental exercise
protocols (8), in diverse populations (9), as well as its interactions with other
aspects of exercise like psychological and cognitive conditions (10). However,
the description of cumulative fatigue over multistage professional races is difficult
to obtain and analyze. Hence the evidence is limited.

In this regard, the current tools of performance monitoring and data
sharing can allow the in-field monitoring of athletes’ performance. This is the case
of power output reported during the races, which allows a reliable description of
the race demands (11). Therefore, a common way to describe the exercise

characteristics during a race is to quantify the volume (time) in different intensity
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zones according to the power output. These intensity zones can be defined as a
percentage of the individual functional power threshold (12,13).

Because the performance in multistage races, like a professional cycling
grand tour composed of 21 stages with at least two rest days, generates
cumulative fatigue, the distribution of volume between the intensity zones could
be altered, denoting a performance change. Finally, these races also include rest
days. The rest days can benefit an athlete's recovery after strong efforts in
consecutive days, in which the race is completed spending around 5,000
Kcal/day with high demands for hydration (around 6.7 L/day) (14). Currently, it is
not clear how the variables volume and power output vary in response to rest
days or during the race. Therefore, we conducted an exploratory analysis of the
time course of cumulative fatigue effects on the volume and power output of
professional male cyclists racing during two editions of a grand tour. In addition,

we analyzed how the rest days impact cumulative fatigue indicators.

2.4 Material and methods
2.4.1 Participants and experimental design

Twelve professional cyclists from the same UCI World-Tour professional
cycling team and racing two editions of the Giro d’ltalia participated in this study.
The participants had 26.9 (3.6) years, 178.5 (6.6) cm of height, 69.0 (7.8) kg of
body mass, and 21.8 (1.6) kg/m? of body mass index. All signed an informed
consent form. This study was approved by the local institution’s ethics committee,
and procedures followed the Declaration of Helsinki.

Data collection during the Giro d’ltalia 2015 and 2016 included the

individual recording of power output and volume distribution for each stage of the
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race while the athletes followed the planning and protocols defined by the team
management. We chose to analyze two editions of the grand tour to make the
data generalization more robust. Regarding the characteristics of the race, we
considered the number of stages, distance of each stage, and description of each

stage considering the information from the official competition website.

2.4.2 Data collection

Data were recorded using the same device model and configuration for all
cyclists (Garmin 510, Garmin Inc., Kansas, United States). The instrument was a
power meter, a portable crank-based device (Power2Max type S, Zossen,
Germany) that measures the mechanical power considering torque data obtained
from an instrumented crankset with strain gages. All power meters were factory
calibrated at least once per season, and a zero-offset was performed before each
session attending to manufacturers’ instructions. Potential spikes were checked
and removed using specific software (Data Spike ID and FIX chart, WKO5 Build
576; TrainingPeaks LLC, Boulder, CO). Hence, volume and power output data
were available to be obtained from cyclists' bicycles. The device measured power
output every 1 s with an accuracy of 2% (15). Finally, when each stage ended,
the volume and power output data were uploaded to a cloud service
(TrainingPeaks, Boulder, United States) and subsequently, analyses were
performed using specific software (WKO5 Build 576; TrainingPeaks LLC,

Boulder, CO).
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2.4.3 Intensity zones

Seven exercise intensity zones were determined based on the individual
functional threshold power (FTP) (12): zone 1 (Z1; < 55% of FTP), zone 2 (Z2;
between 56 and 75% of FTP), zone 3 (Z3; between 76 and 90% of FTP), zone 4
(Z4; between 91 and 105% of FTP), zone 5 (Z5; between 106 and 120% of FTP),
zone 6 (Z6; between 121 and 150% of FTP) and zone 7 (Z7; 2151% of FTP). Z0
corresponds to the time without pedalling. We determined seven intensity zones
representing a wide range of intensities, including aerobic and anaerobic efforts.
These intensities distribution is commonly used by these cyclists during training
and racing. Zones were determined based on the individualized FTP estimated
by the best 20-min power output record (16) obtained during the month before
the start of the competition in each of the years. In addition, whether cyclists
recorded higher 20-min power during the competition, the intensity zones were

updated to accurately quantify the intensities distribution.

2.4.4 Data analysis

We described the time-normalized stages’ duration, which made all stage
times equal to 100% in the time domain. Data (time volume normalized by stages
duration and power output) were described for each intensity zone as mean and
standard deviation considering the normal data distribution verified with Shapiro-
Wilk and Levene's tests with error type 1 equal to 5%. The associations between
the time spent in the different intensity zones and the stage duration were
described using a non-linear fitting with an exponential series [fx)= a*e®) + c*e(@)
+ error]. The coefficients, 95%CI (confident interval), and the determination

coefficient (R?) were described. The association between total time volume and
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each stage duration was described using a linear model [fx) = mx + f + error] to
identify whether higher or lower slopes of intensity zones are dependent on the
period stages (positive slopes >0.1 vs constants <0.1). The slope (m), inclination
angle (8), correlation and determination coefficient (R?) were described. The peak
of higher declines in the normalized volume was measured as the negative slopes
across stages before the next normalized volume showed an increment (positive
slopes). The slope changes in normalized time were tracked in the zone intensity
with the highest dispersion that could show the compromise of the time-volume
output. Additionally, the intensity increases and decreases strategies along a
stage were explored by the slope changes normalized by their magnitudes
(absolute values), resulting in -1 (negative slope) or +1 (positive slope) indicators.
Finally, the principal component analysis (PCA) was used to understand how the
intensity zones (Z1, Z2, Z3, Z4, Z5, Z6, and Z7) explained the total variance of
normalized time volume for each stage. A threshold of 80% of the total variance
was used to choose the principal component and understand the structure of the
data. In addition, a mixed Gaussian fitting was used to define data clusters in the
principal component space. The Akaike information criterion was used to
determine the number of components [AIC = 2k — 2In(L)], with k equal to the
number of clusters and L equal to the maximum value of the likelihood function
for the Gaussian model. The posterior probability of pertinence of the main cluster
fitted by mixed Gaussian distributions was described, and the normalized time
volume and power output for each found cluster was also described. Finally, the
clusters for normalized time and power output were described and compared

using a two-way ANOVA and multiple comparisons with error type | of 5%.
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2.5 Results
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Table 1. Descriptive information from each Giro d’ltalia edition analyzed

2015

Stage: location
Date, distance
Won how

Vertical meters
Average speed winner
Average power
Average cadence

Stage: location
Date, distance
Won how

Vertical meters
Average speed winner
Average cadence
Average power

1: San Lorenzo a Mare
Saturday, May 9, 17.6 km
Time trial

2: Albenga — Genova
Sunday, May 10, 177 km
Sprint of large group

3: Rapallo — Sestri Levante
Monday, May 11, 136 km
Sprint of large group

4: Chiavari — La Spezia
Tuesday, May 12, 150 km
14.1 km solo

5: La Spezia — Abetone
Wednesday, May 13, 152 km
10.7 km solo

83 m
54.34 km/h
355.86 W
94.69 rpm

1868 m
41.93 km/h
190.21 W
73.08 rpm

2797 m
38.15 km/h
222.70 W
74.42 rpm

3050 m
39.48 km/h
231.68 W
74.59 rpm

3066 m
36.58 km/h
216.86 W
71.95 rpm

1: Apeldoorn ITT
Friday, May 6, 9.8 km
Time trial

2: Arnhem — Nijmegen
Saturday, May 7, 190 km
Sprint of a large group

3: Nijmegen — Arnhem
Sunday, May 8, 190 km
Sprint of a large group

4: Catanzaro — Praia a Mare
Tuesday, May 10, 200 km
9 km solo

5: Praia a Mare — Benevento
Wednesday, May 11, 233 km
Sprint of a large group

37m
53.21 km/h
378.62 W
93.24 rpm

732 m
40.93 km/h
153.94 W
62.67 rpm

691 m
43.22 km/h
184.23 W
70.46 rpm

2418 m
41.83 km/h
217.60 W
72.77 rpm

3459 m
41.05 km/h
202.92W
66.54 rpm
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6: Montecatini Terme —
Castiglione della Pescaia
Thursday, May 14, 183 km
Sprint of large group

7: Grosseto — Fiuggi
Friday, May 15, 264 km
Sprint of a large group

8: Fiuggi — Campitello Matese
Saturday, May 16, 186 km
3.4 km solo

9: Benevento — San Giorgio del
Sannio

Sunday, May 17, 215 km

4 km solo

10: Civitanova Marche — Forli
Tuesday, May 19, 200 km
Sprint of a small group

1625 m
42.28 km/h
205.16 W
72.51 rpm

2873 m
35.81** km/h
193.73 W
68.79 rpm

3842 m
38.28* km/h
24191 W
75.02 rpm

4264 m
38.34 km/h
259.87 W
74.34 rpm

841 m
45.07 km/h
206.70 W
72.81 rpm

6: Ponte — Roccaraso
Thursday, May 12,157 km
15 km solo

7: Sulmona — Foligno
Friday, May 13, 211 km
Sprint of a large group

8: Foligno — Arezzo
Saturday, May 14, 186 km
24.6 solo

9: Chianti ITT
Sunday, May 15, 40.5 km
Time trial

10: Campi Bisenzio — Sestola
Tuesday, May 17, 219 km
14.5 km solo

3749 m
33.63 km/h
226.29 W
70.97 rpm

2301 m
42.04 km/h
223.20 W
69.85 rpm

1985 m
43.92 km/h
255.89 W
79.46 rpm

561 m
46.96 km/h
353.69 W
86.23 rpm

4618 m
38.14 km/h
265.26 W
72.31 rpm

69



11: Forli — Imola
Wednesday, May 20, 153 km
25 km solo

12: Imola — Vicenza
Thursday, May 21, 190 km
Sprint of a large group

13: Montecchio Maggiore —
Jesolo

Friday, May 22, 147 km
Sprint of a large group

14: Treviso — Valdobbiadene
(ITT)

Saturday, May 23, 59.2 km
Time trial

15: Marostica — Madonna di
Campiglio

Sunday, May 24, 165 km
Sprint of a small group

16: Pinzolo — Aprica
Tuesday, May 26, 174 km
4 km solo

2949 m
39.04 km/h
206.70 W
72.81 rpm

1288 m
43.37 km/h
212.21 W
74.98 rpm

131m
48.16 km/h
239.48 W
74.80 rpm

593 m
45.77 km/h
295.88 W
82.78 rpm

4634 m
37.70 km/h
325.41W
81.13 rpm

4951 m
35.07 km/h
257.25 W
73.50 rpm

11: Modena — Asolo
Wednesday, May 18, 229 km
Sprint of a small group

12: Noale — Bibione
Thursday, May 19, 182 km
Sprint of a large group

13: Palmanova — Cividale del
Friuli

Friday, May 20, 170 km

33.4 km solo

14: Alpago — Corvara
Saturday, May 21, 210 km
Sprint of a small group

15: Castelrotto — Alpe di Siusi
ITT

Sunday, May 22, 10.8 km
Time trial

16: Bressanone — Andalo
Tuesday, May 24, 132 km
Sprint a deux

777 m
45.93 km/h
215.85W
72.12 rpm

122 m
42.66 km/h
196.20 W
71.82 rpm

3669 m
37.53** km/h
272.35W
71.89 rpm

6001 m

34.4 km/h
253,49 W
70,54 rpm

785 m
22.06*** km/h
389.37 W
81.23 rpm

2737 m
44.27 km/h
289.97 W
75.64 rpm
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17: Tirano — Lugano (CH) 1857 m 17: Molveno — Cassano d'Adda 1567 m
42.80 km/h 43.32 km/h
Wednesday, May 27, 134 km Wednesday, May 25, 196 km
Sprint of a small group 211.83 W 0.4 km solo 206.34 W
73.26 rpm ' 67.17 rpm
18: Melide (CH) — Verbania 2195 m 18: Muggio — Pinerolo 1637 m
41.76 km/h 44.97 km/h
Thursday, May 28, 170 km Thursday, May 26, 244 km
19.3 km solo 212.96 W Sprint of a small group 211.56W
) 74.82 rpm 71.84 rpm
19: Gravellona Toce — Cervinia 5113 m 19: Pinerolo — Risoul 3905 m
Friday, May 29, 236 km 36.85 km/h Friday, May 27, 162 km 37.40 km/h
6 km};’olo e 252.22 W 5.1 kr)(n’ solg ’ 284.79 W
74.32 rpm ' 74.46 rpm
o . . 3355 m 20: Guillestre — Sant'Anna di 4500 m
ég'uiﬁ:t V,\'/I”;egg_ig’;imere 37.64 km/h Vinadio 30.60 km/h
15 km syc’)lo et 230.75 W Saturay, May 28, 134 km 262.98 W
' 72.45 rpm 14.1 km solo 62.45 rpm
21: Torino — Milano 3-142129r2nkm/h 21: Cuneo — Torino 879 m
Sunday, May 31, 185 km : Sunday, May 29, 163 km
Sprint a deux 172.54 W Sprint of a large grou 42.84 km/h
P 72.50 rpm P ge group
Team athletes in the top 10 1 >

classification

* Winner was an athlete of the team. ** second place was an athlete of the team. *** third place was an athlete of the team. Source:

PRO Cycling stats (https://www.procyclingstats.com/race/giro-d-italia/2015/stage-1/result/result;

https://www.procyclingstats.com/race/giro-d-italia/2016/stage-1/result/result).
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Cyclists spent more time (% stage time) in Z1, followed by Z2, Z3, Z0, Z4,
Z5, Z6, and Z7. The average time spent (s), mean (standard deviation) in Z0, Z1,
Z2, 73, Z4, Z5, Z6, and Z7 were 14.6 (5.8), 26.3 (12.6), 17.3 (6.2), 14.7 (6.4),
13.0 (10.2), 7.3 (6.3), 4.8 (3.0), and 2.1 (1.6) % stage duration, respectively. The
most variable zone was Z1, followed by Z4, Z3, Z5, Z2, Z0, Z6, and Z7. The mean
(standard deviation) power output (expressed in Watts) in each of the intensity
zones for Z0, Z1, Z2, Z3, Z4, Z5, Z6, and Z7 was 122.9 (13.9), 247.5 (17.2),
311.1(21.4), 366.0 (24.9), 421.1 (28.5), 496.5 (33.8), and 658.2 (47.6) Watts,
respectively.

The association between mean power and stage time was non-linear
modeled [y = 334.8 [95%CI 238.7- 430.9] (0:0007997 [95%Cl -0.001061 + 0.0005382] x ) 4
306.8 [95%C| 204.2 - 4095] e(-0.0001052 [95%CI -0.000163 + 0.00004739] x) RZ o 054] The
highest intensity zones are related to longer time sustained at higher power
output levels in shorter stages. In contrast, as Figure 1A depicts, the lower
intensity zones were used to cover stages with longer durations, developing lower

average power during the two analyzed editions of the Giro d' Italia.
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Figure 1. A: Power vs stage time for intensity zones entitled Z1 to Z7 during two editions
of the Giro d' Italia. The power was measured in Watts and the stage time was measured
in seconds. The figure shows the non-linear association between power and time during
two editions of the Giro d' Italia. The highest intensity zones were predominant in stages
of shorter duration requesting athletes to develop higher average power, while the lower
intensity zones were predominant in longer stages requiring lower average power. Note
the double distribution of Z1 and Z2 that suggest the lowest race period predominantly
involve time in Z1 and Z2 intensity zones. B: Total volume time vs stage time for intensity
zone Z1 to Z7 during two editions of the Giro d' Italia. The intensity zones are entitled
Z1,72,73, 74, 75, 76, and Z7, and each slope is entitled Yz1, Yz2, Yz3, Yz4, Y25, Yz6,
and Yz7, respectively. The total volume time was measured in seconds, and each stage
duration was measured in seconds. C: Normalized time volume by time stage during
the Giro d’ Italia. The intensity zones are entitled Z0, Z1, Z2, Z3, Z4, Z5, Z6, and Z7. The
mean and standard deviation are shown with black lines and gray shadows, respectively.
The thick lines show the higher decrease of time volume tracked in Z1, the intensity zone
with the most dispersion. The rest days occurred between stages 9 and 10, and stages
14 and 15. The first rest day of 2016 edition was not considered. D: The posterior
probability of cluster pertinence of the main Gaussian cluster (cluster 1) in the principal
component space explained 86% of the total data variance. Four clusters were identified
in the principal component space from the Akaike information criterion [AIC = 2k — 2In(L)
with k equal to the number of clusters and L equal to the maximum value of the likelihood

function for the Gaussian model].

The association between total time volume (time to finish the grand tour)
and the time volume for each stage (Figure 1B) showed higher slopes and

inclination angles for Z1 [m = 0.29, 6 = 16.2°, R? = 0.45], followed by Z2 [m

0.24, 8 =13.5°, R? = 0.71], Z3 [m = 0.16, 8 =9.1°, R? = 0.53], Z4 [m = 0.08, 0

4.6° R? =0.23], Z5 [m = 0.04, 6 =2.3°, R? = 0.20], Z6 [m = 0.03, 6 =1.7°, R? =
0.26], and Z7 [m = 0.01, 6 = 0.6°, R? = 0.15].

The analysis of mean normalized time spent in the different intensity zones
across each of the 21 stages from each year edition (Figure 1C) showed that

higher peak declines of normalized volume, measured as the negative slopes,
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across stages before the next increment that occurred between stages 2 and 4
[A=-8.5% No.], 8 and 10 [A=-12.2 % No.], 13 and 15 [A=-19.0 % No.}], and
18 and 19 [A= -18.2 % No.] tracked in the zone intensity with the highest
dispersion (Z1).

Higher peak slope increment of normalized volume by stage until the next
slope decrease after stage 4 [A= 4.8 % No., between 4 and 8], after stage 10
[A=-4.6 % No., between 10 and 13], after stage 15 [A= 20.8 % No.™, between
15 and 18], and after stage 19 [A= 23.8 % No., between 19 and 21] tracked in
the zone intensity with the highest dispersion (Z1), see Figure 1C.

Negative slopes of Z3, Z4, Z5, and Z6 occurred four times and three times
in Z7 before one or two stages before Z1 presented negative slopes (Table 2). In
contrast, positive slopes of higher intensity zones (Z3 three times, Z4 four times,
Z5 four times, Z6 three times, and Z7 twice during the competition) were

observed, accompanied by a negative slope of Z1 (Table 2).

Table 2. Slope changes of normalized mean volume patterns across the Giro d’
Italia.

Giro d’ Italia Stages

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
o1 11 1 0 11 11 1 -1 -1 -1 -1 -11 -1 1 1 1
211 11 1 01 1]1 11 -1 1 1 1 -1 1 1 1 1 -1
a1 1|1 o2 a1 2|1 1 a1 1|11 fal1 |1
zalal1 |11 02 a1 |1 |1 1 ]2 1|11 211 1
slaf1 |11 021 11|11 ]2 1|12 211 1
6|11 |1 |1 0 |2 ’ﬂ 111 1 2] 1)1 |2 a1 |1 1
z7fal1 |21 0 a1 111 1 ]alr af1 1 1]1]1 1

R = rest stage

-1 = negative slope (volume increase)
1 = positive slope (volume decrease)
Z0 = intensity zone zero

Z1 = intensity zone one

Z2 = intensity zone two

Z3 = intensity zone three

Z4 = intensity zone four

Z5 = intensity zone five

75




Z6 = intensity zone six

Z7 = intensity zone seven

In black is shown the slope decrease (-1) follow by a slope increase (+1) in Z1.

In light gray is shown the increase slope (+1) pattern of higher Z.

In dark gray is shown the decrease slope (-1) pattern of higher Z before the decrease of Z1 in the next one or two
stages.

The principal component analysis showed that time spent in intensity
zones Z1, Z2, 73, Z4, Z5, Z6, and Z7 explained 63.62%, 18.20%, 8.12%, 5.84%,
2.98%, 1.20%, and 0.02% of the total variance in the normalized time by each
time stage, respectively. The best number of mixed Gaussian components was
four from the Akaike information criterion. The posterior probability of pertinence
of the main cluster fitted by mixed Gaussian distributions in the principal
component space that explained 86% of the total variance is summarized in
Figure 1D.

There was a main effect for clusters and intensity zones in normalized
time-volume (p<0.001), and there was interaction (p<0.001). Clusters one and
two differed (p<0.001), as well as clusters one and four differed (p<0.001). There
were differences between all intensities (p<0.001, Table 3). There was a main
effect for intensity zones in power (p<0.001) without interaction (p>0.05) or effect

for clusters (p>0.05). All intensity zones differed (p<0.001, Table 3).
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Table 3. Volume and power cluster differences.

Normalized volume

Cluster Size Stage Z0 Z1 Z2 Z3 4 Z5 6 Z7

n mode Mean (sd) Mean (sd) Mean (sd) Mean (sd) Mean (sd) Mean (sd) Mean (sd) Mean (sd)
One 17 14 2.8(3.4)%v 3.0 (2.6)*r 5.7 (6.0)* v 18.1 (15.2)* v 41.5 (16.8)* 22.0 (14.9)* v 5.8 (4.4)% v 1.23 (1.4)%v
Two 122 12 16.6 (4.1)* 35.9 (7.5)* 17.1(2.7)* 11.6 (3.1)* 8.1(2.5)* 4.7 (1.7)* 4.0 (1.4)* 2.0(0.9)*
Three 20 16 12.8 (3.8)* 15.2 (3.2)* 28.2 (6.5)* 23.4 (4.8)* 11.6 (2.1)* 4.7 (1.2)* 3.0 (1.1)* 1.4 (0.8)*
Four 69 19 10.8 (6.0)* 14.4 (5.7)* 17.9 (4.0)* 16.6 (4.9)* 17.1(3.2)* 3.8 (8.9)* 8.9 (2.6)* 6.5 (3.9)*

Power

Cluster Size Stage Total Z1 Z2 Z3 4 Z5 6 zZ7

n mode Mean (sd) Mean (sd) Mean (sd) Mean (sd) Mean (sd) Mean (sd) Mean (sd)
One 17 14 2626.3 125.5 (13.5)* 247.5 (19.3)* 310.4 (22.7)* 365.3 (26.1)* 422.2 (30.7)* 499.3 (36.4)* 656.5 (44.1)*
Two 122 12 2628.9 121.8 (11.8)* 247.8 (17.0)* 311.6 (21.2)* 366.9 (24.8)* 422.4 (28.2)* 498.0 (33.9)* 660.0 (48.1)*
Three 20 16 2644.1 129.8 (14.4)* 251.2 (19.5)* 312.6(23.1)* 366.4 (27.8)* 421.8 (33.0)* 497.1 (40.5)* 665.2 (61.7)*
Four 69 19 2602.3 122.1 (16.7)* 245.5 (16.1)* 309.6 (21.1)* 364.0 (24.4)* 417.8 (27.0)* 492.3 (31.2)* 651.0 (42.0)*

Z0 = intensity zone zero

Z1 = intensity zone one

Z2 = intensity zone two

Z3 = intensity zone three

Z4 = intensity zone four

Z5 = intensity zone five

Z6 = intensity zone six

Z7 = intensity zone seven

* = p < 0.001 between all intensity zones

Y= p < 0.001 between cluster one and two, and between cluster one and four.
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2.6 Discussion

A strong novelty of our study is that the analysis of two grand tour editions
allowed the verification of cumulative fatigue during consecutive days of racing at
a high level of competition. Importantly, cumulative fatigue has negative effects
on performance and can cause overuse muscle injuries (26), the third largest
cause of professional athlete absence in Grand Tours (17). Our main findings
here were that cyclists i) develop higher mean power during shorter time stages
using higher intensity zones and develop lower mean power during longer time
stages using lower intensity zones, ii) use lower intensity zones to cover long-
time stages while higher intensity zones are used to cover lower-time stages, iii)
experienced cumulated fatigue during the competition (there was four
recognizable performance decreases indicating fatigue effects) and the second
rest day had the best impact on performance increase for subsequent stages, iv)
decrease the time-volume of Z3, Z4, Z5, Z6 and Z7 in two or three stages before
the performance decrease, which suggests those intensities being predictors,
while higher zone intensities suggest compensating the performance decrease,
and v) develop almost two different intensity zones distribution (clusters) in the
time-volume to complete the competition without power generation differences.

Our findings have applicability in sports because high mileage cycling
events such as Giro d'ltalia, Vuelta a Espafia, and Tour de France have similar
energy expenditure and intensity development (18). We consider our findings can
help both specific race strategies during the Giro d'ltalia and planning training.
The grand tours involve several consecutive days of high-level physical effort
(19). Thus, adequate training planning should consider not only experimental

laboratory knowledge but also in-field race characteristics and performance
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analysis because not always the in-field conditions are possible to reproduce fully
in laboratory testing (20).

Along the two editions of the Giro, we found how the stage distances
determine the distribution of effort zones. Accordingly, longer stages use mainly
lower intensities that represent low-intensity exercise below the first lactate or
ventilatory threshold (21). Lower intensity zones showed how relevant they were
to be completing the stages. Even shorter stages have shown activity in lower
zone intensities (double distribution for Z1 to Z3) in coherence with the maximum
efforts cannot be sustained for the entire stage because fatigue will limit
performance (high-intensity exercise over the lactate or ventilatory threshold
(22)), either by peripheral or central pathways (23,24). Thus, higher intensities
are chosen for shorter time stages during the Giro d’ Italia in accordance that
each stage's intensity is modulated by total race duration in elite cycling (25).

Therefore, it is crucial to make an appropriate choice of the mechanical
power provided by cyclists (mechanical power being defined by: the aerodynamic
friction, the ascending term, and the accelerating term) in each stage of the
competition to increase the cyclist’'s performance (26). Hence, the adequate use
of intensity zones during the competition directly impacts the cycling dynamics.
This choice suggests helping prevent fatigue episodes and increased fatigue
intensity (lower cumulated fatigue) when the mechanical power is opportunely
delivered. Likely, intensified training strategies may favor power production that
will improve critical moments of the tour (27) complemented with aerobic exercise
intensity (28), and might explain why shorter stages seem to be decisive for

cyclist performance in the race (1).
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Regarding cumulative fatigue, there were four recognizable performance
decreases (negative slopes during the time-volume across the stages). The
negative slopes tracked in the most variable intensity zone, which explained the
main variance of the total data studied by principal component analysis (29),
could be interpreted as the incapacity to sustain a stable peripheral effort in low-
intensity zones. The main cause of performance losses in repetitive tasks is
caused by cumulative fatigue (6). The high correlation between blood lactate
transition thresholds and endurance performance, and the aerobic and anaerobic
indices of cycling performance (30) support our effort to track the decrease in
cycling performance in the time course of the competition. However, It is also
possible that performance decreases allow athletes to save energy, especially
for the final moments of a race, when habitually the classification tends to be
decided (31).

In our exploration, three of four slope decreases fitted with the given rest
stages (stage 3 in 2016, stage 9 in 2015 and 2016, and stage 15 in 2015 and
2016), showing an immediate reversion after the rest day. This influence of the
rest day suggests the ability to choose to stay longer at higher intensity zones
(except for the opening stage). Therefore, we argue that the variation in the
distribution of intensities over time can describe the process of accumulated
fatigue installation and the effect of rest days on time at different intensity zones.
In addition, we also observed a decrease in time-volume in Z3, Z4, Z5, Z6, and
Z7 in two or three stages before the drop in performance. These factors need to
be further studied to be discussed as possible performance predictors. In the

same way, time-volume at higher zone intensities increased when the
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performance drops, which seems to be a compensation strategy during the
competition.

Finally, there were almost two intensity zone pattern distributions in the
time volume to complete the competition without differences in the power
delivery. The main percentual differences were in Z1, Z4, and Z5, where one
cluster completed the competition with a lower time in Z1 but stayed more time in
Z4 and Z5. Zone intensities 4 and 5 permitted production of more than 320 W
and lower than 450 W. It suggests a strategy that favors the use of intensity zones
that can deliver satisfactory values of power. This kind of pattern may risk more
cumulative fatigue if the athletes do not have enough preparation or induce more
muscle damage, oxidative stress, and inflammation events during the
competition. Therefore, the surveillance of how the time-volume in different
intensity zones is used, the athlete's characteristics, the race conditions, and the
athlete's interaction with these conditions are crucial to define adequate planning
training and evaluate if the athletes are under risk cumulative fatigue conditions
during the race, decreasing the athlete’s and team performance.

Our study has limitations. The first one is the fact that our participants are
all men, and we know that the behavior of women for these same tests is different
(32). Therefore, the extrapolation of these results to female athletes is not
possible. In addition, we know that different athletes perform specific tasks within
the strategy of a team in the competition and that this specialization generates
differences in performance in the tests for each athlete (33). Finally, we also
recognize that a real-world condition for data collection is subject to confounding
factors that rely on the variables mentioned, but also the motivation of the

athletes, soreness, effort perception, and individual goals. Despite these

81



limitations, we consider that the uniqueness of our exploratory analysis ensures

sufficient novelty and relevance to our study.
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3.1 Abstract

Small skin temperature asymmetries are claimed to indicate injuries, but the
influence of measurement conditions and technical aspects of image acquisition
are concerns for determining temperature asymmetries. This research
determines whether distance and camera specifications affect thermal
asymmetries detection. We simulated thermal asymmetries filling two glasses
with water at different temperatures measured at two distances (0.7 and 1.5 m)
using four different infrared cameras (T1020, E60BX, C2 and FLIR ONE). Linear
regression verified the similarity between each camera and the T1020 camera
(gold standard). The intraclass correlation coefficient assessed inter-camera
reproducibility. Linear regression reported increasing adjustment using mean
temperature, with lower values at 1.5 m between the T1020 and FLIR ONE (0.7
m, r=0.58; 1.5 m, r= 0.34), C2 (0.7 m, r= 0.90; 1.5 m, r= 0.62) and E60BX (0.7
m, r=0.96; 1.5 m, r= 0.68). Higher inter-camera reproducibility was observed at
0.7 m than 1.5 m. It is preferable to take thermal images with shorter distances
and to prioritise cameras with superior hardware characteristics. The portability
of FLIR ONE and C2 may be an advantage in studies investigating expected

differences greater than 0.05 °C and larger regions of interest.

Keywords: diagnostic imaging; injury; medicine; thermal asymmetries; thermal

imaging; thermal sensitivity.

88



3.2 Introduction

Skin temperature symmetry is usually defined as the degree of similarity
between the mean skin temperature of two Regions of Interest (ROIs) mirrored
across the human body’s longitudinal axis (1). Symmetrical skin temperature
between human body sides is considered when absolute differences are lower
than 0.5-0.7°C (1,2). Previous studies argued that asymmetries higher than 0.5-
0.7°C could indicate physiological dysfunction related to pathologies and injuries.
(3-5). When asymmetries are detected, a higher skin temperature of one body
side would relate to inflammation or higher vascularity, and a lower skin
temperature is associated with nerve dysfunction or lower vascularity (3,6). For
this reason, and because the analysis of asymmetries has good reliability and
reproducibility (7), some studies suggest screening skin temperature symmetries
as a strategy for the diagnosis and prevention of injuries (8,9).

Skin temperature can be determined using infrared thermography (IRT), a
technique used in medical sciences since the 1960s (10). IRT has the advantage
of being contactless and non-invasive (6), which made the tool of special interest
in medicine, being a safe and easy to conduct measure for when carrying out
follow-ups or screenings since it does not have any perjury on patients. The
growing interest in applying IRT in the medical areas is benefited by the
availability of reasonably affordable cameras, but with recognized low resolution
(11). It results that the camera focal plane array size (FPA) can influence the
detection of temperature asymmetries, since low FPA and/or high instantaneous
field of view (IFOV) might not identify the small magnitudes of change in skin
temperature associated with an skin temperature asymmetry (12). On the other

hand, the concerns about camera quality and its impact on the field
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measurements is growing, motivating development of methods to improve
camera resolution (13).

Another aspect of using IRT to determine thermal asymmetries is that
camera FPA can affect the definition of the size of the regions of interest (ROI)
from where temperature data are extracted, and therefore influence the detection
of skin temperature asymmetries. ROI dimensions are limited by the distance
between the measuring site and the camera (14). Although 25 pixels is
recommended as the minimum size for properly defining a ROI (15), a larger ROI
is always preferable (14,16). Furthermore, when analyzing asymmetries, the ROI
from both body sides needs to be recorded within the same image, highlighting
the role of camera FPA. However, when it comes to use in the clinical field, it is
frequently important to measure the highest number of participants as fast as
possible and therefore, higher distances between the camera and participants
are performed (4) resulting in smaller ROIs, with few pixels than the
recommended. From this point of view, the relationship between camera’s
hardware characteristics, ROl dimensions, and distance for image capture could
influence estimation of skin temperature asymmetries.

The objective of this study was to determine whether distance and camera
specifications affect the detection of thermal asymmetries. It has been
hypothesized that at a larger distance, cameras with a lower FPA and a high

IFOV could present a lower capacity to detect thermal asymmetries.

3.3 Methods
In this study, we compared four different IRT camera models from FLIR

(FLIR, Wilsonville, Oregon, USA): T1020, E60BX, C2, and One Pro LT (FLIR
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ONE). All cameras work in the long-wave wavelength range (7-14um) and their

hardware characteristics are described in table 1. The correct calibration of the

cameras was verified before the experiment started using a black body (BX-500

IR Infrared Calibrator, CEM, Shenzhen, China) (17).

Table 1. Hardware characteristics from the four thermographic cameras used in

this study.
T1020 E60BX Cc2 FLIR
ONE
Spectral range 7.5-14.0 ym 7.5-13 um 7.5-14 pym 8—-14 um
FPA (Focal plane 154 x 768 320 x 240 80 x 60 80 x 60
array)
FOV (Field of 28° x 21° 25° x 19° 41° x 31° 50° x 38°
view)
IFOV
(Instantaneous 0.47 mrad 1.36 mrad 11 mrad 12 mrad
field of view)
NETD* <20 mK 45 mK 100 mK 150 mK
Temperature 40°C10150°C  —20°Ct0 120°C  -10°Cto 150°C 20 ¢ 1O
range 120°C
Measurement +2°C +2°C +2°C +£5°C
uncertainty

*At 30°C. NETD: Noise Equivalent Temperature Difference.

Measurements were performed in a specialized laboratory for IRT

measurements, in a space where environmental conditions were controlled (e.g.

without light and airflow, with the room temperature controlled, and no person

apart from the investigator in the measurement environment) (18).

IRT

measurements were obtained from water samples placed in two 115 x 65 mm

glass crystallizers (Kavalierglass, Prague, Czech Republic) positioned at 0.7 m
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and 1.5 m far from the cameras. To produce temperature asymmetries, one of
the glasses (G1) was filled with water (350 ml) and then heated to 40°C using a
heater (Agimatic-E, JP Selecta, Barcelona, Spain). Immediately after reaching
the target temperature, half of the water was poured into a second empty glass
(G2), and both were placed on the ground, with 5 cm of distance in between, and
in front of a black cloth to avoid the radiation reflection (3). Moreover, reflected
temperature was measured according to the standard method ISO 18434-1:2008
and recorded in the camera settings. Because of the different transient
temperature response from each glass, temperature asymmetries between them
would be obtained as a result. Figure 1 illustrates the water temperature
manipulation. To determine the temperature asymmetries, infrared images from
all cameras were taken simultaneously obtaining the upper view of the glasses.
For each of the cameras, images were recorded every 30 s during 15 minutes.
There were 5 sets of images obtained, with a 30-minute waiting period in
between. For each set of photos, the process of heating the water and preparing
the glasses was repeated. At first, the entire water heating and image-taking
protocol was performed for the lowest height. Subsequently, the protocol was
repeated for all data from the highest height. Regions of interest contained the

water, in a upper view, and not included the glass region.
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A
Glass 1 Glass 2
Filled with water and heated up to 40°C Empty and at room temperature
B
Glass 1 Glass 2
Filled with half heated water Filled with half heated water

Figure 1. Firstly (A), the glass 1 was filled with water to be heated to 40°C, while the
glass 2 remained empty at room temperature. Secondly (B), glass 2 was half filled with

heated water. Infrared thermography images were taken for situation B.

All cameras were switched on for at least 10 minutes before acquiring the
infrared images for electronic stabilization (18). Cameras T1020 and E60BX were
mounted on tripods and programmed to acquire automatically images every 30
seconds for 15 minutes. On the other hand, cameras C2 and FLIR ONE were
positioned and triggered manually, at the same distance from the glasses and
following both the same time span between images and the 15 minutes recording
period. Additionally, when C2 and FLIR ONE cameras were used, the image
acquisition order was randomized for each trial.

The threshold defined to indicate temperature asymmetry was set at 0.5
°C, in agreement with previous studies addressing as this topic in medical studies
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threshold is usually considered in medicine for skin temperature (1,2). The values
obtained by each T1020 camera’s thermogram were used as a reference to
define the existence of asymmetries for each time point (since the asymmetry
would have a variable behavior over time) by simple subtraction of temperature
between both glasses of water. The presence of false positives and/or negatives
were verified, which means T1020 showing values lower than 0.5 °C, whereas
values greater than 0.5 °C were obtained from any of the remaining cameras,
and/or T1020 showing values greater than 0.5 °C, whereas lower values were
obtained from any of the remaining cameras, respectively.

Infrared images were analyzed using a commercial thermography
software (Thermacam Researcher Pro 2.10 software, FLIR, Wilsonville, USA).
ROIs were defined as the total visible area of the water for each sample,
excluding the glass itself, and mean and maximum temperature data were
extracted. ROIs size of each camera at the distance of 0.7 m was: 88516 + 1184
pixels for T1020, 8130 + 171 for E60BX, 212 + 20 for C2, and 8012 + 798 for
FLIR ONE. ROIs size at the distance of 1.5 m was: 16215 + 254 pixels for T1020,
1976 + 85 for E6OBX, 37 = 0 for C2, and 1511 + 81 for FLIR ONE. On all cameras,
emissivity was fixed at 0.97 for water surface temperatures (19,20). Figure 2
shows the arrangement of the data collection setup and the determination of ROI

in the thermogram processing.
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Figure 2. a) Experimental setup and thermal images performed with T1020 showing the

ROls (dashed lines) within the water in both glasses at b) 0.7 m and c) 1.5m.

Statistical analysis was performed using the software RStudio (version
1.2.5033). Linear regression analysis was performed to analyze the adjustment
between T1020 and each camera for asymmetry calculation using mean and
maximum temperature at the two distances. r-values, adjusted R?, p-values, and
equations of the adjustment were provided. Normal distribution of the residuals
of the regressions models was verified (p>0.05) using the Kolmogorov-Smirnov
test with Lilliefors correction. Bland-Altman plots were created to assess the
agreement between T1020 and each of the other cameras, and to obtain the bias
with 95% limits of agreement. Finally, the intraclass correlation coefficient was
obtained to assess inter-camera reproducibility, based on a single rater-

measurement, absolute-agreement, and 2-way random-effects model, between
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the T1020 and each of the other cameras for asymmetry calculation using mean
and maximum temperature at the two distances. Intraclass correlation
coefficients were classified from 1.00 to 0.81 as excellent reproducibility, 0.80 to
0.61 as very good reproducibility, 0.60 to 0.41 as good reproducibility, 0.40 to

0.21 as reasonable reproducibility, and 0.20 to 0.00 as poor reproducibility (21).

3.4 Results

Table 2 shows the percentage of false positives and negatives obtained
for each camera. Percentages were higher for 1.5 m distances than for 0.7 m for
all cameras. FLIR ONE presented the highest percentages of false negative using
mean and maximum water temperature, and for both distances (>20%). At 1.5
m, C2 presented the highest percentages of false positives for mean and
maximum water temperature (>15%).

Linear regression analysis (Figure 3) reported increasing adjustment using
mean temperature, with lower values at the 1.5 m, between the T1020 and FLIR
ONE (distance 0.7 m, r= 0.58; distance 1.5 m r= 0.34), C2 (distance 0.7 m, r=
0.90; distance 1.5 m, r= 0.62), and E60BX (distance 0.7 m, r= 0.96; distance 1.5

m, r= 0.68). Similar results were observed using maximum temperature
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Table 2. Percentage of false positives and negatives observed for mean and maximum temperatures for each camera and distance

in comparison to the T1020 camera.

Distance = 0.7 m Distance =1.5m

E60BX C2 FLIR ONE E60BX C2 FLIR ONE

Mean temperature

False 0 4.4 0 14.7 21.6 7.8
Positive

False 8.2 3.4 23.2 11.9 7.9 20.0
Negative

Maximum temperature

False 0 0.6 1.7 12.6 15.8 4.3
Positive

False 9.8 2.8 26.0 9.8 9.4 26.2
Negative

97



Mean temperature

07m 0.7m 0.7m
c2 EBOBX FLIR ONE
R=09,p<22e-16 R=0.96,p<22e-16 R=0.58,p <22e-16
RZ,=08 y=-0.099+11x RZ=083 y=-011+11x R2,=0.34 y=-0098+074x
2.0
1.51
-
1.04
0.51
0.0
L B
-0.5 W)
o * .
< 1.0 °
*E 1.5m 1.5m 1.5m
E c2 EBOEX FLIR ONE
& R=062,p=33e-16 R=068,p<22e-16 R=034,p=42e-05
< R2,=038 y=031+079x R2,=046 y=0.11+085x R2,=011 y=0065+037x
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0.0 05 10 0.0 05 1.0 0.0 05 10
Asymmetry T1020 (°C)

Figure 3. Linear regression analyses for the temperature asymmetry obtained at two
camera distances (0.7 m and 1.5 m). False positives (green points) and negatives (red

points).
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Maximum temperature

0.7m 0.7m 0.7m
c2 EBOBX FLIR ONE

85+0.69 x

2.01

1.5
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Asymmetry T1020 (°C)

Figure 4. Linear regression analyses for the maximum temperature asymmetry obtained
at two camera distances (0.7 m and 1.5 m). False positives (green points) and negatives

(red points).

Bland Altman plots revealed increasing bias using mean temperature
between the T1020 and E60BX, C2, and FLIR ONE at a distance of 0.7 m (Figure
5; bias: E60BX: 0.0 £0.1 vs. C2: 0.0 £ 0.2 vs. FLIR ONE: 0.3 = 0.3 °C). Higher
biases were observed in distance of 1.5 m (bias: E60BX: -0.1 + 0.3 vs. C2: -0.2
+ 0.3 vs. FLIR ONE: 0.2 £ 0.4 °C). Similar results were observed for maximum
temperature (Figure 6; distance 0.7 m bias: E60BX: 0.1 + 0.1 vs. C2: 0.0 £ 0.3
vs. FLIR ONE: 0.3 £ 0.4 °C; distance 1.5 m bias: E60BX: 0.0 £ 0.3 vs. C2: -0.1

0.3 vs. FLIR ONE: 0.3 £ 0.4 °C).
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Bland-Altman plot mean temperature
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Figure 5. Difference of temperature asymmetry for the two distances (0.7 m and 1.5 m).

Bland—Altman plots with 95% limits.
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Figure 6. Difference of maximum temperature asymmetry for the two distances (0.7 m

and 1.5 m). Bland—Altman plots with 95% limits.
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1 Inter-camera reproducibility (Table 3) at a distance of 0.7 m was excellent
2 for E6OBX and C2 cameras, and moderately reasonable and good for FLIR ONE.
3 At 1.5 m, the inter-camera reproducibility was very good for E60BX, moderately

4  good and very good for C2, and reasonable for FLIR ONE.

6 Table 3. Intraclass correlation coefficients of inter-camera reproducibility
7 between T1020 and the other three cameras for asymmetry calculation at two

8 distances (0.7 mand 1.5 m).

Distance = 0.7 m Distance =1.5m
E60BX C2 FLIR ONE E60BX Cc2 FLIR ONE
Mean 0.95 0.87 0.42 0.66 0.50 0.30
[0.90, 0.97] [0.83,0.90] [0.01, 0.65] [0.56, 0.74] [0.16, 0.70] [0.13, 0.45]
Maximum 0.90 0.84 0.38 0.72 0.60 0.28
[0.52, 0.96] [0.79, 0.88] [0.03, 0.61] [0.63, 0.79] [0.46, 0.71] [0.02, 0.48]
9

10 3.5 Discussion

11 This study aimed to determine whether temperature asymmetry
12 determination is affected by characteristics of four different thermographic
13 cameras recording IRT images at two different distances from the region of
14  interest. We set up an experiment considering measurements of water samples
15 with temperature being manipulated to induce asymmetries of 0.5°C or higher, a
16 reference often assumed as the cut-off point to discuss the relevance of
17 temperature asymmetries (1,2,22). It was found that cameras of lower hardware
18 characteristics (C2 and FLIR ONE) are more likely to present higher error rates.
19 In addition, the closer distance between the camera and the region of interest

20 was a determining factor for the results’ accuracy.
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FPA influences the infrared camera performance (23). Considering T1020
as the reference camera, due to its FPA of 1020 x 768 pixels, EGOBX camera
(320 x 240 pixels) provided results, with a higher level of correlation with the
reference camera (T1020). In the opposite direction, the other cameras (C2 and
FLIR ONE), both with FPA of 80 x 60 pixels, showed higher false positives and
negatives, a lower correlation index, and a greater bias for both maximum and
mean temperatures, especially for the 1.5 m distance. FPA influences the ability
to detail an image, especially at larger distances, and the FPA difference between
cameras can determine a difference in temperature outcomes (11,12). It also
affects the ROI delimitation. In our study, even though the images were circles
with a relatively low level of demand to subjectively define de ROIs edges by the
evaluator, images taken at 1.5 m still generated highly discrepant results in lower
FPA cameras, which is in agreement with a previous study (18).

The distance between the camera and the region of interest may affect the
accuracy of thermographic measurements. The measurements performed at 1.5
m generated higher levels of both false positives and negatives, including E60BX
camera, which has better performance parameters. In a previous study,
differences of up to 0.2 °C were found when thermographic measurements were
conduct at 0.2 m and 2.5 m far from region of interest (25). In this study, where
we used artificial samples and, therefore, free of intervening factors typical of
experiments with humans (such as thermoregulation, sex, menstrual period,
food, smoking, etc.), we further advance on the concept that even small variations
in distance measurement can have an impact on the temperature outcomes, and
invalidate discussions about asymmetries that show small magnitudes. Lower

FPA cameras register images with less precision. It is important to be sure about
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the minimum region of interest dimension, which can be obtained by multiplying
the camera’s IFOV by the distance.

Bland Altman's graphics visually present that it is preferable to take
pictures from shorter distances, and that the bias and scattering of results is
overstated for the FLIR ONE camera, suggesting the possibility that data from
this camera may result in misleading information. It is important to emphasize the
effect of the distance between the camera and the region of interest on the results
of IRT images, since there is a need to cover both legs within the image in some
experiments, which end up leading to measurements at distances larger than 1.5
m between the camera and the region of interest (26,27).

FPA influences asymmetry determination, but it is important to note that
even cameras with similar FPA may provide different results. The Noise
Equivalent Temperature Difference (NETD), which quantifies the thermal
sensitivity of the camera and also refers to the ability of the system to detect small
temperature differences within the image, can be a source of differences between
cameras with similar FPA. As lower is the NETD value, lower is the noise, and
the smaller is the temperature differences that can be detected by the camera in
an image (28).

Cameras with worse thermal sensitivity (higher NETD values at the same
defined temperature) are less capable of avoiding false data homogeneity (29).
It could impair the detection of relatively high temperature differences within the
same thermogram, and therefore misleading injury diagnosis. The higher false
negative rates found with cameras with worse thermal sensitivity, mainly the FLIR
ONE, could explain this limitation. The large amount of false positives in FLIR

ONE results may also result of its overestimation of temperature (12), possibly
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producing images with false zones with heat peaks. Given that camera
temperature ranges are related to NETD (30), when a certain temperature can
be measured using two different temperature ranges, it would be advisable to
select the narrowest one, since it would exhibit the lowest noise.

Although they are advantageous in terms of portability and low cost, the
lack of adjustable focus in both the FLIR ONE and C2 cameras could be a
disadvantage compared to the other cameras used in this research. Fixed focus
prevents sharper thermograms and ROIs from being delineated, resulting in
limitations for the distance between the camera and the region of interest (31).
Although results with closer images indicate a low impact of the focal adjustment
(32), we observed that the low sharpness of images taken at 1.5 m distance was
determinant for inaccurate results.

In conclusion, cameras with better hardware characteristics produce
accurate and consistent results in a wide range of practical situations. In these
cases, both at maximum and mean temperature the results were solid, and the
level of error as a function of distance was low. The C2 and FLIR ONE cameras
have advantages such as portability, which can facilitate use in several situations
including external environment and clinical setting. Their lower hardware
characteristics may compromise the determination of temperature asymmetry
results depending on the distance of image recording. These cameras may not
be recommended for measures far than 0.7 m and for small ROIs (less than 25
pixels (15) or 3-4 times the IFOV (30)), for example in the analysis of diabetic foot
(33).

The distance between the infrared camera and the sample also affects the

results, and it is preferable to take a closer shot. Furthermore, cameras with
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superior hardware characteristics (e.g., 2 320 x 240 pixels, < 1.3 mrad of IFOV or
< 45 mK of NETD) ensure greater data reliability when investigating thermal
asymmetries of at least 0.5°C. For application fields with less need for precision
(high size of ROIs and high asymmetries to detect), C2, which has the advantage
of portability, seems to be sufficient.

A limitation of this study could be that the equations obtained have not been
validated, for example employing a ROC curve (receiver operating characteristic
curve) analysis with other data. However, our objective was not to use the
equations, it was an approximation to know the degree of relationship between
each camera and the T1020, as well as to evaluate the effect of distance on the
detection of thermal asymmetries.

From an applied point of view, through the findings of this study we consider
that researchers interested in evaluating thermal asymmetries may have better
parameters to choose the most suitable thermographic cameras and will be able
to observe that images taken closer present more consistent results. Altogether,
this results also indicate that the standardization of the measurement protocols

is a determining factor for the validity of analysis of temperature asymmetries.
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4.1 Abstract

As infrared thermography (IRT) has gain popularity in clinical and scientific
research, different infrared cameras are available in the market. The aim of this
study is to verify the similarity between three IRT models for assessment of skin
temperature pre and post physical exercise. Three models of Flir thermographic
cameras (E60bx, Flir-One Pro LT, and C2) were tested. Thermographies were
taken of the foot sole, anterior leg and anterior thigh from 12 well-trained men,
before and after a 30-min run on a treadmill. The images files were blinded and
processed by 3 evaluators extracting the mean, maximum, and standard
deviation temperature of the region of interest. Time for processing data and rate
of perceived effort were also recorded. E60bx takes longer time for data
processing (C195% E60 vs C2 [0.2, 2.6 min], p=0.02 and ES=0.6); vs. Flir-One
[0.0, 3.4 min], p=0.03 and ES=0.6) and elicits lower effort perception (E60 3.0 =
0.1 vs. Flir-One 5.6 £ 0.2 vs C2 7.0 £ 0.2 points; p<0.001 and ES>0.8). The C2
camera overestimates the temperature, while the One underestimated the
values. In general, there was a higher intra-class correlation between cameras
and inter-examiners in the mean temperature variable, especially in the pre-
exercise situation. However, when measures are performed after exercise, mean
temperature seems to provide more consistent values across cameras and
examiners. We recommend caution when using more than one camera model in

a study. In the need to do so, we recommend the use of mean temperature.

Keywords: thermal imaging; physical exercise, running, thermoregulation

4.2 Introduction
Infrared thermography (IRT) is a non-contact method to measure

superficial skin temperature (de Andrade Fernandes et al., 2014; Priego Quesada
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et al., 2017). The broad interest in IRT relies on the fact that variation in skin
temperature can be related to different medical conditions, from acute to chronic,
from local to systemic issues (Jones, 1998; Lahiri et al., 2012). In sports, IRT is
investigated concerning its possibilities to detect and monitor acute adaptations
for different types of exercise (Hillen et al., 2020). It includes associations
between skin temperature and injury risk (dos Santos Bunn et al., 2020; Gémez-
Carmona et al., 2020; Menezes et al., 2018). The relative low cost and non-
invasive use of IRT seduce sports medicine professionals to implement IRT as a
tool for injury prevention or exercise physiology measurement (dos Santos Bunn

et al., 2020; Hillen et al., 2020; Menezes et al., 2018).

Data acquisition is a matter of concern when employing IRT. Cameras or
mobile gadgets detect electromagnetic radiation over the infrared spectrum at
wavelengths of around 0.75-1000 pym, and record them in images that are further
analyzed considering regions of interest (ROI) (Costello et al., 2012; Lahiri et al.,
2012). Despite the effort to promote standardization of the IRT methods, which
include the participant preparation for data collection (Moreira et al., 2017),
technical aspects of data collection and analysis still have relevant impact on IRT
research outcomes. A main limitation is the reliability considering the different
technical characteristics of IRT devices (Rossignoli et al., 2016) and tools for data
analysis (de Jesus Guirro et al., 2017; Silva et al., 2018). Furthermore, reliability
is important when aiming to develop tools that should work with data input from

different devices recording the thermal images (Bauer et al., 2020).

The reliability of the IRT affects the image resolution. High-resolution
cameras tend to be more expensive, so the industry has made efforts to provide

more affordable versions (Vardasca, 2019; Villa et al., 2020). The variability in
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reliability and resolution of the cameras affect the results from studies by over or
underestimation of the temperature. These imprecise measures are due to
equipment error, as well the comparison of data from different cameras, even
with similar spatial resolution (Kirimtat et al., 2020; Nguyen et al., 2010). For
example, a minimum of 25 pixels is recommended for determination of a ROI
(ISO, 2008b, 2009). It is recommended to minimize the difficulties in data analysis
due to low resolution, and to permit automation in the data processing (Gauci et
al., 2018). All these factors of influence suffer effects of the different devices and

characteristics for image acquisition.

The availability of affordable infrared cameras has contributed to the
popularization of IRT. However, studies aiming to provide technical guidance to
data analysis and interpretation did not follow this growth, and questions still
remain about the reliability of data from different cameras, especially in the
context of sports, a field where IRT is widely applied (Gomez-Carmona et al.,
2020; Hildebrandt et al., 2010; Menezes et al., 2018). The impact of image
resolution and the overall quality of IRT equipment on data reliability can be
estimated by the quantification of inter-examiner repeatability while using the
same camera (Tan et al.,, 2016). Furthermore, cameras accuracy can be
influenced by manufacturer calibration, and therefore the reliability of different
cameras (of different costs, for example) is important to ensure proper
comparison of results from different studies. A good example is the assessment
of IRT responses to physical exercise, when skin temperature change due to
thermo physiological mechanisms including peripheral

vasodilation/vasoconstriction and sweat activity (Cramer & Jay, 2016).
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Taken together, these questions indicate the gaps claiming for attention
when implementing routines of IRT acquisition and analysis, in order to provide
proper recommendation for its application in different contexts, for example,
hospitals, clinics and sports clubs. Therefore, the aim of the study was to evaluate
the inter-camera and inter-examiner reliability between three commercial
thermographic cameras with different spatial resolution considering measures

performed before and after physical exercise.

4.3 Materials and methods

4.3.1 Participants and experimental design

Twelve male recreational runners with mean + standard deviation age 25
* 8 years, body mass 71.3 + 11.6 kg, height 1.79 + 0.08 m, body mass index 22.1
+2.1 kg/m?, and running training volume 43.4 + 44.2 km/week, signed an informed
consent before start participation in the study. All procedures complied with the
Declaration of Helsinki and were approved by the local university ethics

committee (record number 1252705).

After signing the informed consent form, participants were placed, one at
a time, in a temperature-controlled room where they remained seated for 10 min
with thighs, legs and feet un-covered for thermal adaptation to the room
temperature. After these 10 min, thermographic measurements of the soles of
the feet (in seated position), anterior thighs and anterior legs (both in standing
position) were taken. Then, the participants were instructed to run on a treadmill
for 30 min. At the end of the race, a new period of 5 min, in the same rest posture,

for thermal adaptation to the room temperature was carried out and the same
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thermographic measurements were taken. Participants were evaluated after
exercise as a form to induce thermal stress that is useful to assess the
performance of cameras in different situations (de Andrade Fernandes et al.,
2014). Laboratory environmental conditions were: air temperature 23.1 + 0.9°C

and relative humidity 28.1 £ 5.1%.

4.3.2 Running exercise

Participants ran continuously for 30 min on a treadmill (Excite Run 900,
TechnoGymSpA, Gambettola, Italy) with a 1% of slope at a self-selected speed.
Exercise intensity was controlled by the treadmill speed to elicit report of 12 points
(between light intensity and somewhat hard) in the 6-20 points Borg scale (Borg,
1982). Exercise started with a 5-min warm-up where speed was set at 8 km/h for
the first 2 min and then increased by 1 km/h every 30 s until participants reported
12 points in the Borg scale. If the rate of perceived effort increased, small adjusts
in the speed were conducted. Once the speed was set, it was kept unchanged
for the 30 minutes of running. The average self-selected speed of the participants

was 10.2 + 0.6 km/h.

4.3.3 Infrared thermography measurements

Skin temperature was measured using three different infrared
thermography cameras from Flir Systems Inc. (Wilsonville, USA): E60bx
(resolution of 320x240 pixels, noise equivalent temperature difference (NETD) <
0.05°C, and measurement uncertainty of £ 2°C); C2 (resolution of 80x60 pixels,

NETD < 0.1°C and measurement uncertainty of + 2 °C for temperatures >25°C);
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and Flir-One Pro LT (resolution of 80x60 pixels, NETD of 0.1°C, and

measurement uncertainty of £ 5 °C).

Measurements were taken in an area absent of sunlight 5 m far from any
electronic equipment, and other people (except for the thermographer and the
evaluator). An antireflective panel was placed behind the participant to minimize
the influence of the radiation reflected by the wall (Hildebrandt et al., 2010).
Reflected temperature was measured according to the standard method 1SO
18434-1:2008 (ISO, 2008a). Moreover, the Thermographic Imagining in Sport
and Exercise Medicine checklist was used to corroborate that all factors that
could affect thermographic measurements were taken into account (Moreira et

al., 2017).

For image analysis, ROIs were defined for the feet (according to the
regions of rearfoot, midfoot, forefoot, toes, and hallux), anterior leg and anterior
thigh. Hallux and the toes were delimited, and from this delimitation, the rest of
the sole was divided into three equal longitudinal areas: rearfoot, midfoot and
forefoot. The leg was delimited at the top by the center of the muscular belly of
the calf and at the bottom by the narrowness of the ankle. The thigh was limited
at the top by the groin line and at the bottom by a tape placed as a mark above

the knee (Figure 1).

All the ROIs were analyzed bilaterally for each participant. The absolute
mean, the maximal and standard deviation of each ROI were computed using a
commercial software (Thermacam Researcher Pro 2.10 software, FLIR,
Wilsonville, USA). All images were processed using an emissivity factor of 0.98

to obtain skin surface temperatures (Steketee, 1973).
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The images were coded with the participant's number, the time of
measurement and a number associated with the camera. Three evaluators (3 *
2 years of experience in thermographic evaluations) analysed the images in a
blinded way: they did not know the association between the codification of the
camera in the file with the camera model. At the end of the analysis of the images
of each participant (6 in total: three pre and three post exercise) for each of the
cameras, the time to conclude and the rate of perceived exertion (RPE, in a 0 to

10 Borg scale) were recorded for each evaluator. Order of the cameras in each

participant was randomized in the three evaluators.

Figure 1. Regions of interest (ROIs) defined: (1) foot (RF: rearfoot, MF:
midfoot, FF: forefoot, TO: toes, HA: hallux; (2) anterior leg; and (3) anterior

thigh.

4.3.4 Statistical analysis
Statistical analyses were performed using SPSS 26 (SPSS Inc., Chicago,

USA). Normality of data distribution was confirmed using the Shapiro-Wilk test
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(p>0.05), except for the RPE data (p<0.05). Data with normal distribution are
reported as mean + standard deviation with 95% confidence intervals of the
differences between comparisons (Cl95%), and data without normal distribution
are reported as median + standard error. Time analysis was analyzed using a
repeated measures ANOVA with Bonferroni post-hoc. Evaluators RPE was
assessed using the Friedman test with Wilcoxon post-hoc. Except for inter-
evaluator reliability, rest of analysis were performed with the data obtained by the
most experienced evaluator. Repeated measures ANOVA with Bonferroni post-
hoc were applied to compare the mean, maximum and standard deviation
temperatures from each ROI considering three factors: measurement points in
time (before and after exercise), side (right and left) and camera (E60bx, C2 and
Flir-One Pro LT). The significance level was set at p<0.05. For significant pair
differences, Cohen’s effect sizes (ES) were computed and classified as small (ES
0.2-0.5), moderate (ES 0.5-0.8), or large (ES>0.8) (Cohen, 1988). The
agreement between the three cameras was analyzed using Bland—Altman plots.
The intraclass correlation coefficient (ICC) from model “2,1” (Shrout & Fleiss,
1979) was calculated between the three cameras at each of the measurement
points in time and each ROI (inter-camera reliability), and between the three
evaluators for each camera (inter-evaluator reliability). The following ICC
considered indexes from 1.00 to 0.81 as excellent reliability, 0.80 to 0.61 as very
good reliability, 0.60 to 0.41 as good reliability, 0.40 to 0.21 as reasonable
reliability, and 0.20 to 0.00 as poor reliability (Weir, 2005). Differences in ICC
values between measurement points in time and cameras were assessed using

repeated measures ANOVA with Bonferroni post-hoc.
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4.4 Results

4.4.1. Effect of camera type on time analysis and evaluator effort
perception

The E60bx camera required longer time for images analysis (13 + 3 min)
than the other models (C2: 11 + 3 min, CI95% of the difference [0.2, 2.6 min],
p=0.02 and ES=0.6); Flir-One Pro LT: 11 £ 3 min, CI95% of the difference [0.0,
3.4 min], p=0.03 and ES=0.6). Time for images analysis did not differ between

C2 and Flir-One Pro LT (p>0.05).

Evaluators reported crescent RPE for the use of E60bx, Flir-One Pro LT,
and C2 (3.0 £ 0.1 vs. 5.6 £ 0.2 vs 7.0 = 0.2 points, respectively; all comparisons

presented a p<0.001 and ES>0.8).

4.4.2. Effect of camera type on thermographic results

Seven images recorded with Flir-One Pro LT had files corrupted and could
not be used (2 of the feet, 2 of the anterior thigh and 3 of the anterior leg)
presenting invalid results (temperatures lower than -40°C). Therefore, the
repeated measures ANOVAs were performed with the data from 10 participants
for most of the ROIs, except for the anterior leg, which was performed with data

from 9 participants.

Images from left and right were merged due to the absent of asymmetries
for images from the different cameras (p>0.05). In general, C2 camera presented
lower mean and maximum skin temperature, and higher standard deviation than
the other cameras (Figure 2). Flir-One Pro LT showed higher mean and maximum

skin temperature than the other cameras in the ROIs from the lower limbs
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(anterior leg and anterior thigh). Most of the observed differences had a large

effect size (ES>0.8)
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Figure 2. Mean = standard deviation of the mean (A), maximum (B) and standard
deviation temperature (C) of each thermographic camera before and after
exercise. Differences are identified by symbols (*p < 0.05; **p < 0.01; ***p <
0.001) and the effect size with letters (small effect size ESs; moderate effect size

ESw; large effect size ESL).
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Bland-Altman plots (Figure 3) showed lower 95% limits of agreement
between E60bx and Flir-One Pro LT than between C2 and the other cameras
before exercise (Bias E60bx vs C2 0.8 £ 1.0°C; E60bx vs. Flir-One Pro LT -0.2 +
1.6°C; C2 vs. Flir-One Pro LT -1.1 + 1.8°C) and after exercise (Bias E60bx vs C2
1.2 +1.2°C; E60bx vs. Flir-One Pro LT -0.4 £ 1.2°C; C2 vs. Flir-One Pro LT -1.6
+ 1.4°C) on mean skin temperature (Figure 3) and maximum skin temperature
(Figure 4): before exercise (Bias E60bx vs C2 1.1 + 1.1°C; E60bx vs. Flir-One
Pro LT -0.2 £ 1.8°C; C2 vs. Flir-One Pro LT -1.5 + 1.8°C) and after exercise (Bias
E60bx vs C2 1.5 + 1.4°C; E60bx vs. Flir-One Pro LT -0.3 + 1.4°C; C2 vs. Flir-One

Pro LT -1.9 £ 1.6°C).

Similar results were found between cameras and measurement points for
standard deviation skin temperature (Figure 5): before exercise (Bias E60bx vs
C2 0.1 £ 0.3°C; E60bx vs. Flir-One Pro LT 0.0 £ 0.2°C; C2 vs. Flir-One Pro LT -
0.1 £ 0.2°C) and after exercise (Bias E60bx vs C2 -0.2 + 0.4°C; E60bx vs. Flir-

One Pro LT 0.0 £ 0.2°C; C2 vs. Flir-One Pro LT 0.3 £ 0.4°C).
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490 Figure 5. Bland-Altman plot with 95% limits of agreement illustrates the
491 difference in standard deviation skin temperature measurements between values

492  obtained in all the ROIs by the three cameras assessed.

493
494 4.4.3. Effect of camera type on reliability
495 Table 1 shows the inter-camera reliability. ICC values were lower after

496 exercise than before for the mean (0.76 + 0.17 vs. 0.48 £ 0.13, CI95% of the
497  difference [0.09, 0.46], p=0.01 and ES=1.8), maximum (0.71 + 0.20 vs. 0.35 +
498 0.15, CI95% of the difference [0.16, 0.55], p<0.01 and ES=2.0), and standard
499  deviation skin temperature (0.71 £ 0.23 vs. 0.37 = 0.22, CI95% of the difference
500 [0.10, 0.58], p=0.01 and ES=1.5). C2-Flir-One Pro LT comparison presented
501 lower ICC values than E60bx-Flir-One Pro LT comparison for mean [0.54 + 0.18
502 vs. 0.69 = 0.14, CI95% of the difference (0.07, 0.25), p<0.01 and ES=1.0] and
503 maximum skin temperature (0.46 £ 0.21 vs. 0.61 = 0.19, CI95% of the difference

504 [0.06, 0.24], p<0.01 and ES=0.8). E60bx-Flir-One Pro LT comparison presented
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higher ICC values of standard deviation skin temperature than E60bx-C2
comparison (0.68 + 0.13 vs. 0.42 £ 0.29, CI95% of the difference [0.04, 0.47],
p=0.02 and ES=1.2) and C2-Flir-One Pro LT comparison (0.68 + 0.13 vs. 0.51 +

0.24, CI95% of the difference [0.03, 0.32], p=0.03 and ES=0.9).

Table 1. Intraclass correlation coefficients (ICC) of inter-camera reliability
from the three infrared cameras considering the mean, maximum, and standard

deviation skin temperature.

Mean skin temperature

Before exercise After exercise
E60bx-  C2-Flir- E60bx-  C2-Flir-
E6ggx' Flir-One One Pro E6C?§X' Flir-One One Pro
Pro LT LT Pro LT LT
Rearfoot .84 .85 77 .37 .70 .55
Midfoot .82 .83 7 .29 .63 .50
Forefoot .83 .83 .80 .33 .62 A48
Toes .92 .90 .86 .23 .73 27
Hallux .90 .90 .85 21 .67 .38
Anterior leg .78 .35 .23 .61 .67 .28
Anterior thigh .89 .50 A7 .80 .53 31
Maximum skin temperature
Rearfoot .84 .86 74 .36 .69 49
Midfoot .78 .83 .70 15 .62 .37
Forefoot .82 .83 .76 .10 45 42
Toes .84 .89 .84 .04 .56 .25
Hallux .82 .85 .83 .01 40 .34
Anterior leg .65 14 .10 27 46 .09
Anterior thigh .78 .56 40 .62 .46 .19
Standard deviation skin temperature
Rearfoot .86 .86 .93 13 46 .23
Midfoot .90 .95 .89 .22 .58 13
Forefoot 71 75 .85 .14 45 13
Toes 14 .58 49 .01 .69 .02
Hallux .25 .63 .64 .06 45 .06
Anterior leg .35 .76 49 .55 .68 .66
Anterior thigh .93 .94 .94 .67 73 .66

Table 2 shows inter-evaluator reliability. No differences were observed
between measurement points on ICC of the mean skin temperature (p=0.21),
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maximum skin temperature (p=0.29), and standard deviation skin temperature
(p=0.31). C2 camera presented lower ICC values for mean skin temperature than
E60bx (0.80 + 0.18 vs. 0.96 + 0.07, CI95% of the difference [0.03, 0.28], p=0.02
and ES=1.3) and Flir-One Pro LT (0.80 £ 0.18 vs. 0.96 + 0.06, CI95% of the
difference [0.04, 0.28], p=0.02 and ES=1.3). Maximum skin temperature (p=0.08)

and standard deviation (p=0.40) did not differ between the cameras.

Table 2. Intraclass correlation coefficients (ICC) of inter-evaluator
reliability of the three infrared cameras for mean, maximum and standard

deviation skin temperature.

Mean skin temperature

Before exercise After exercise
Flir-One Flir-One
E60bx C2 Pro LT E60bx C2 Pro LT
Rearfoot .99 .93 .99 .96 g7 .96
Midfoot .99 .92 .99 .98 .89 .99
Forefoot .99 .93 .99 .99 .88 .99
Toes .99 .94 .99 .83 27 .80
Hallux .99 .96 .99 .90 .39 .90
Anterior leg .80 .70 .88 .98 .75 .99
Anterior thigh .99 .96 .99 .99 .94 .99
Maximum skin temperature
Rearfoot .87 .96 97 97 .96 .99
Midfoot .99 .94 .98 .99 .95 .99
Forefoot .98 .92 .98 73 .79 .84
Toes .99 .92 .97 .99 .84 .96
Hallux .98 .93 .98 .97 g7 .83
Anterior leg .93 .93 .98 .94 .84 .98
Anterior thigh .89 .98 .92 .99 .96 .97
Standard deviation skin temperature

Rearfoot 91 .82 .89 .20 .20 A7
Midfoot .90 .84 .78 41 .26 .36
Forefoot .84 .80 g1 31 27 .05
Toes .75 .34 .48 14 27 .09
Hallux .59 .19 .50 .15 A6 .24
Anterior leg .33 .61 25 .09 .04 46
Anterior thigh .93 .01 ,81 71 .18 31
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4.5 Discussion

Here we investigate the reliability of IRT data obtained from three different
thermographic cameras before and after exercise, and the inter-examiner
repeatability of the results. Considering the E60bx camera as a reference due to
its higher resolution, we found that the C2 model underestimates skin
temperature, while the Flir-One Pro LT overestimates the results. Both the inter-
examiner and inter-camera ICC remained higher when analyzing the mean
temperature, especially in the pre-exercise condition. Finally, the higher
resolution camera allows more detailed ROI, which takes more time to process

the data, but generates less RPE for the evaluators.

The best overall results of thermal imaging data processing seems to
depend on the combination of higher spatial resolution and better thermal
sensitivity, or NETD (Usamentiaga et al., 2014). As we observed for the E60bx
camera, this combination reduces variability, but also produces more detailed
images, which resulted in longer time to finish processing. The longer time spent
for image processing seems to result of a greater possibilities to detail the ROIs’
contour, which also seems to have been more comfortable for the examiners. On
the other hand, lower spatial resolution of cameras C2 and Flir-One Pro LT limits

the ROl identification due to less detailed edges (Fernandez-Cuevas et al., 2015).

The way ROIs are determined a priori enhances the possibility of errors in
data processing (Nahm, 2013). Here we show that the smallest ROIs (toes and
hallux), where detailing ROIs become more difficult, result in lower inter-examiner
ICC. Small errors in the positioning of the ROIs generate higher variations in
results when the image resolution is lower. Therefore, the error rate is attributed

to the low accuracy in placing the ROI (Liu et al., 2020). Especially for the anterior
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leg, the low inter-examiner ICC may result of difficulty in excluding the portion of
the gastrocnemius that appears in the image recorded at the frontal plane. A
possible solution is to delimit the ROI area with some reflective tape (Priego
Quesada et al., 2017), which may also help to automatize the ROI determination

(Gauci et al., 2018; Requena-Bueno et al., 2020).

Considering the E60bx as the reference camera, C2 model
underestimates the temperature values, whereas Flir-One Pro LT overestimates.
The overestimation of Flir-One camera is in agreement with previous studies
(Curran et al., 2015; Vardasca, 2019), and difficult to correct even using a
blackbody calibration (Curran et al., 2015). This limitation should be balanced
with the lower cost of this camera model. The under and overestimation
mentioned are supported by the Bland—Altman plots, especially for mean and
maximum skin temperature above the measurement uncertainty. In this sense,
we found inter-cameras ICC for maximum and average temperatures with large
discrepancy. However, it is important to consider that we measured the
temperature with specific cameras, and differences between cameras as
expected also due to factory calibration parameters (Havenith & Lloyd, 2020). For
now, we recommend caution in using more than one camera model when

conducting scientific study.

The range of temperatures measured affects the accuracy of the infrared
cameras. For example, manufacturer indicates higher measurement uncertainty
to determine temperatures higher than 25°C with the C2 camera. To test this
hypothesis, we administrated the physical exercise to challenge body
thermoregulation and induce changes in skin temperatures. Bland—Altman plots

shows that Flir-One camera presented higher positive differences compared to
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the other two models for measures of temperatures lower than ~22°C, and higher
negative differences for measures of temperatures higher than ~33°C. It may
result of factory calibration made to consider temperatures between 25 and 30°C.
For measures from the C2 camera, the exercise produced higher variability,
which could explain the lower inter-camera ICC agreement. Such results indicate
that the cameras have a temperature range where they operate better, limiting
their reliability, and therefore the environment condition may play a fundamental

role due to variations in ambient temperature.

Ammer and Formenti (Ammer & Formenti, 2016) recommended to take
the standard deviation into account when planning a statistical analysis involving
a thermogram ROI. As it was observed, accuracy when drawing is crucial for the
inter-examiner and inter-camera similarity, especially for smaller ROIls. Variations
in the positioning of ROIs can generate different mean and maximum temperature
(Priego Quesada et al., 2015). As an illustrative example of an application of the
use of the standard deviation of the ROI, if an ROI is drawn by error covering an
small area outside the body, the mean and maximum temperature would be able
to dilute these outlier values, but these errors would be verifiable by observing
high standard deviations values of the ROI. In our study, although the Bland—
Altman plot showed great cameras agreement in standard deviation for both pre
and post exercise, standard deviation presented lower ICC inter-examiner
reliability than mean and maximum temperature. Firstly, the great camera
agreement in standard deviation could suggest that although mean or maximum
skin temperature could be different between cameras, the thermal distribution
within the ROI was similar. Secondly, the lower inter-examiner reliability is

understandable, since a difference of 0.1°C between evaluators in a standard
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deviation with a value of 1°C represents 10%, while a difference of 0.1 or 1°C for
mean temperature of 30°C represents a 0.3 and 3.3%, respectively. When
evaluating the standard deviation in exercise investigation, it must be taken into
account as significant differences between conditions above 0.3°C, which is the
maximum agreement limits observed by the Bland—Altman plot. The mean and
maximum temperature suggested that the manual determination of the ROI
impacted the results, and the standard deviation values indicated that this
variation occurred in designs that covered only the skin, without adding part of

the background of the thermograms.

The use of different cameras may be inevitable for large and multicenter
studies, and in this case the main variables to be determined with different
cameras deserves attention (Priego Quesada et al., 2017). In our study, mean
temperature showed general better inter-camera ICC for foot and lower limbs,
and Bland-Altman plots also showed a slightly better agreement between the
cameras, mainly in the pre-exercise scenario. The predominantly high inter-
examiner ICC and having the best agreement in the Bland-Altman plots places
this variable as the most reliable to describe the real phenomenon. However,
when it comes to the clinic or research practice, there is no consensus on the
most recommendable IRT variable to use (Priego Quesada et al., 2017). It is
important to emphasize that the advantage of mean temperature over the other
variables in this study does not eliminate the need to assess the requirements of
each experimental design. For studies within the same laboratory, if the
laboratory has access to several cameras, it is recommended not to exchange

different models, and within the same model, always use the same camera.
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Future studies may extend the analysis to verify the effectiveness of the
different cameras in diagnosing sports injuries or in respond to ice induced
thermal stress. Finally, we highlight that testing one camera per model can be
considered a limitation. Future studies may test the similarity between different

cameras of the same model.

4.6. Conclusion

Cheaper cameras took less time for data analysis but increase the
perception of effort in processing the data. We found higher intra-class correlation
between cameras and inter-examiners in the mean temperature variable, but
when effects of physical exercise are considered, data variability increases. We
suggest to always use the same camera model for each project and when it is

not possible, the mean temperature should be considered.
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5.1 Abstract

Fatigue muscle requires recovery time to return to normal performance. By not
allowing that time and exercising again, we produce cumulative fatigue. Would
infrared thermography (IRT) of the skin be able to indicate the effects of
cumulative fatigue? In this article, we recruited 21 untrained women and induced
cumulative fatigue in biceps brachii over two consecutive days of exercise. We
measured delayed onset muscle soreness (DOMS), maximal strength, and IRT.
On the day following cumulative fatigue induction, muscle strength remains
reduced and DOMS remains elevated. The IRT indicated that the arm under
cumulative fatigue has a higher temperature for minimum and mean temperature,
being asymmetrical in relation to the control arm, mainly in the calculation of
variation between the situation without and the situation with fatigue. The
variation of the minimum and average temperatures correlated with the strength
loss. In summary, IRT seems to be able to detect cumulative fatigue, being useful

to explain strength losses and reduce injury risks.

Keywords: Exercise recovery, Muscle damage, Muscle fatigue, Skin

temperature.

140



5.2 Introduction

Muscle fatigue is a physiological and transient phenomenon that reduces
the ability of the skeletal muscle to produce and sustain strength production
through voluntary contractions (Enoka and Duchateau, 2008). The process to
recover from muscle damage resulting from fatigue takes place over time,
requiring a period of rest to optimize muscle regeneration (Fredsted et al., 2008).
When the muscle reaches the fatigue condition and the rest period is not allowed
until a new exercise demand is imposed, a situation of cumulative fatigue is
created (Rodriguez-Marroyo et al., 2017). We know that as a result of cumulative
fatigue, there is a persistence of oxidative stress (Pizzino et al., 2017),
intensification of muscle damage (Proske and Morgan, 2001), and an imbalance
in muscle contractility parameters (Machado et al., 2018). All these
conseqguences expose the musculature to an increased risk of injury and reduced
ability to maintain performance (Proske and Morgan, 2001; Rodriguez-Marroyo
et al., 2017).

Recently, this particularity of muscle physiology has been drawing
attention due to the importance of knowing the conditions of possible muscle
injuries and the need to plan a more efficient exercise period. Full body training
on consecutive days is already known to be safe in terms of torque recovery and
overall neuromuscular performance (Marshall et al., 2021). On the other hand, if
muscle demand is imposed to exhaustion on consecutive days, the recovery
pattern changes, and performance in terms of maximum strength can remain
depressed for several days (Stewart et al., 2008). It becomes evident that
monitoring exercise recovery is a useful approach to safely administrating

exercise and training loads by both improving strategies for recovery and
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anticipating the loss of performance (Mujika, 2017). However, it can be difficult to
implement because requires several markers to be monitored. Muscle fatigue
elicits high levels of oxidative stress, muscle damage, and inflammation
(Accattato et al., 2017; Macintyre et al., 1995; Proske and Morgan, 2001). In
addition to the cost per sample and the need for high-precision readers,
biochemical measurement has the disadvantage of requiring invasive procedures
(Baird et al., 2012), while other techniques to monitor muscle activity like
electromyography requires sophisticated data processing (Cifrek et al., 2009).
As the experimental muscle generates an inflammatory process it could
increase the skin temperature (Cheung et al., 2003) which could be measured by
infrared thermography (IRT), a non-invasive and affordable image technique for
measuring skin temperature (Machado et al., 2021). This technique has been
used in the context of sports medicine mainly to detect muscle injuries based on
thermal asymmetry during baseline analysis (Fernandez-Cuevas et al., 2017,
Gbomez-Carmona et al., 2020). However, although some studies have also tried
to find a correlation between muscle damage and skin temperature in fatigue
induction protocols, the no alteration of baseline skin temperature on the posterior
days after muscle damage induction or its evolution during exercise not related
to fatigue manifestation do not support IRT as a muscle damage or fatigue
diagnostic method (Willian da Silva et al., 2018; Priego-Quesada et al., 2020).
On the other hand, Korman et al (2021) found that exercises performed on
consecutive days reduced baseline skin temperature. However, the exercise
sequence interspersed power, resistance, and endurance exercises, which may
have generated an alternation of focused muscles and therefore some periodic

rest throughout the days (2021).
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In this sense, we hypothesized that IRT would indicate the effects of
cumulative fatigue on the muscle by changes in skin temperature. The objective
of this study was to reproduce a situation of cumulative fatigue and to determine
whether infrared thermography can assess its effects by serving as a monitoring

tool.

5.3 Material and methods

We recruited 21 women from the local community (age of 23.6 + 3 years
old, body mass of 60.3 + 9 kg, and height of 1.61 + 0.4 m). A sample size of 21
untrained participants was estimated using the G * Power 3.1 software (University
of Dusseldorf, Dusseldorf, Germany) and considering a repeated measures
ANOVA design, with 90% power, a error of 0.05, and an effect size of 0.26 for
data changes in skin temperature (Faul et al., 2007). To be included, they must
have not performed any systematic physical exercise program for at least the
previous three months and had not performed any exercise for at least three
weeks before the measurements, and be free from severe injuries in the lower
extremity in the last six months. In addition, they should not make use of any drug
whose composition included anti-inflammatory, analgesic, or stimulant
substances. Furthermore, the participants were instructed not to consume energy
drinks, stimulants, food supplements, infusions, and fruits for one week before
the end of the testing period (Priego Quesada, 2017). All participants signed a
consent term following the Declaration of Helsinki and were approved by the local

University Ethics Committee (registration number: IRB 60376216.4.0000.5323).
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5.3.1. Protocol

The protocol consisted of 3 consecutive days of laboratory visits. On the
first two days, exercises were performed to induce muscle fatigue in the non-
dominant biceps brachii, thus generating the condition of cumulative fatigue on
the third day. On day 1, baseline IRT measurements of the biceps brachii were
performed bilaterally, in addition to the assessment of isometric maximal
voluntary strength, and delayed onset muscle soreness (DOMS) was assessed
at rest and under palpation. Isometric maximal voluntary strength was also
performed after the fatigue induction on day 1. On day 2, no strength
measurements were performed, but we evaluated IRT and DOMS. On day 3, we

performed the IRT, DOMS, and strength measurement. Figure 1 shows the

measurements performed for days 1, 2, and 3.

24 h . 24h
Infrared Infrared Infrared
thermography thermography thermography

DOMS evaluation

Isometric maximal
strength

Fatigue induction 1

Isometric maximal
strength

DOMS evaluation

Fatigue induction 2

DOMS evaluation

Isometric maximal
strength

Figure 1. The illustration details the three days of evaluations performed. On the first two
days, muscle fatigue was induced. On the third day, measurements were performed

under the condition of cumulative fatigue. DOMS: delayed onset muscle soreness.
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5.3.2 Exercise protocol

We induced cumulative muscle fatigue in the biceps brachii of the non-
preferred arm of the participants. They were seated on a chair, with posture
adjusted to keep the spine straight, arms along the body, hips, and knees flexed
at 90°, and feet parallel aligned with the hips width (Oliveira et al., 2009). The task
was to perform a bicep curl with a 2 kg dumbbell under a rhythm controlled by
the beep of a metronome at 20 bpm, and the exercise range of motion was from
the maximal elbow extension to the maximal elbow flexion, with 50% of the cycle
involving an eccentric action (Marri and Swaminathan, 2016). The load was fixed
and standardized and the target exercise volume was the maximum for each
participant, guaranteeing the production of muscle damage and DOMS (Uchida,
2008).

They were instructed to perform as many repetitions as possible in an
initial set. After 60 seconds of rest, they were instructed to perform successive
secondary sets with 60 seconds of rest in between. Each secondary series should
be performed to a achieve number of repetitions between 50% and 75% of the
number of repetitions in the initial series. If the participant exceeded 75% of
repetitions, the series was interrupted, and a new rest period was respected. If
the participant did not reach 50% of the initial set, we considered that a fatigue
condition was reached. The measurement was also terminated when the
participant could not maintain the expected pattern for the movement (Priego-
Quesada et al., 2020). Verbal encouragement was provided during the exercise.

We multiplied the total number of protocol repetitions by the sets number and by
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the load to determine the work volume performed on each fatigue-inducing day

(Machado et al., 2022).

5.3.3 Infrared thermography

Skin temperature was quantified using an IRT camera (resolution of 320 x
240 pixels, NETD <0.05 °C, and measurement uncertainty of + 2°C or 2%, E-60
model, Flir Systems Inc., Wilsonville, Oregon, USA). The camera was turned on
at least 10 min before the evaluations. All images were captured at 1 m far from
the participant and with the camera lens positioned perpendicular to the region of
interest (ROI).

We defined the biceps brachii zones bilaterally as ROIs to analyze
asymmetries. The demarcation of the ROIs had the axillary cleavage as a starting
point, with a vertical line drawn up to the upper edge of the arm, which contoured
the arm inferiorly until it found the upper line of the antecubital fossa of the elbow.
Then, the line was conducted transversally to the arm up to the medial border,
and, finally, it followed superiorly until finding the starting point (Figure 2). Since
the position of the axillary cleavage can vary for each person according to their
posture and body composition, we decided to superiorly contour the biceps and
include the anterior deltoid in the ROI rather than risk losing some portion of the
biceps brachii.

Participants were positioned at the evaluation site for at least 10 min before
taking thermal images for acclimatization to the temperature and relative humidity
conditions of the laboratory air (Priego Quesada, 2017). On the other hand, IRT
post-measurement measurements were performed immediately after the

completion of the protocol. All thermal images were collected in an air-conditioned
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and controlled environment with room temperature 24.4 + 1.6 °C and air humidity
39.0 + 8.4 %. All procedures followed the Thermographic Imaging in Sports and
Exercise Medicine (TISEM) checklist (Moreira et al., 2017). The same researcher
performed all image records. Infrared images were processed using commercial
software (Thermacam Researcher Pro 2.10 software, FLIR, Wilsonville, Oregon,
USA). From each ROI, we extract the values of the minimum, maximum, and
mean temperature variables. Subsequently, we calculated skin temperature
variation (AT) between day 3 and day 1 for each IRT variable.

36.3°C

23.5°C

Figure 2. Regions of interest (ROIs) determined by the dotted lines for each arm. We
considered the axillary cleavage as the initial reference (black circle) and the upper edge

of the antecubital fossa as the lower limit reference (white circle).
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5.3.4 Delayed onset muscle soreness

DOMS was assessed using a numeric pain rating scale (NPRS) based on
a verbally reported soreness intensity score from 0 (minimum) to 10 (maximum)
(Hawker et al., 2011). After familiarizing themselves with the scale, the
participants were evaluated in two conditions: a) at rest, being asked about the
intensity of soreness while the experimental arm was resting on the chair guard
and without any movement or stimulus; and b) under palpation, in which soreness
was rated after palpation of biceps brachii belly with similar intensity for all
participants (W. da Silva et al., 2018). DOMS assessments were always

performed by the same researcher.

5.3.5 Muscle strength assessment

We evaluated the maximal voluntary isometric strength during elbow
flexion using load cell sampling force signals at 2000 Hz (Miotec Biomedical Inc.,
Porto Alegre, Brazil). The load cell was attached in the middle of a chain fixed to
the ground and held by the hand of the participant at the other end with a handle.
The strength assessment was performed with the same positioning and posture
as for the fatigue induction exercise, except for the arm positioned at 90° of elbow
flexion (Oliveira et al., 2009).

After familiarization with the setup by performing up to 3 repetitions and
making themselves comfortable seated, the participant was instructed to produce
the maximum strength by pulling the handle and sustaining the contraction for
approximately 5 seconds. Verbal commands were used to start, stimulate the
maximum, and end each attempt. A 60-seconds rest was allowed between

attempts. Three attempts were performed if the last attempt did not have the
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maximum strength value. In these cases, a new attempt was made, and the initial
one was discarded.

We evaluated maximum strength in 3 moments: on day 1 pre-fatigue
induction, on day 1 post-fatigue induction, and on day 3 (under the effect of
cumulative fatigue from days 1 and 2). From each moment, we extracted the
mean maximum strength of the three validated attempts registered. Strength was

normalized by body mass (kg.f/kg).

5.3.6 Statistical analysis

Data are expressed as mean and standard deviation. The normality of the
data distribution was verified with the Shapiro-Wilk test. The results of normalized
strength and DOMS at palpation were compared between the different days with
one-way ANOVA and post-hoc Bonferroni. DOMS at rest were compared with the
Kruskal-Wallis test and Dunn's multiple comparisons. The work volume was
compared between days 1 and 2 with a paired t-test. Minimum, mean, and
maximum skin temperatures had main effects and interactions between days of
the measurement (1 vs. 2 vs. 3) and arm (experimental vs. experimental) verified
with two-way ANOVA and post-hoc Bonferroni. The effect size index f (ESf) was
calculated for the main ANOVA results and determined as small (0.1-0.25),
medium (0.25-0.4), and large (>0.4). The Cohen’s d effect size (ESd) was
determined for t-test and post-hoc and classified as small (0.01-0.059), medium
(0.06-0.139), and large (= 0.14) (Cohen, 2013). We performed simple linear
regression to verify the relationship between each IRT variable and strength loss.
Finally, we analyzed the asymmetries between the experimental and control arms

for the temperature variation data between day 1 and day 3 (A day 3 -day 1) with
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paired t-test. The significance level was set at 0.05 for all analyses using the

SPSS version 26 (SPSS Inc., Chicago, IL, US).

5.4 Results

5.4.1 Muscle strength, work volume, and doms

Maximal isometric strength was impaired by the fatigue induction with
acute effects on day 1 post [F(2,20) = 55.980; p < 0.001; ESf = 0.78, Figure 3.a],
persistent up to day 3 [F(,20) = 55.980; p < 0.001; ESf = 0.34, Figure 3.a]. Although
the acute effect of fatigue was recovered day 3 later with higher muscle strength
values than day 2 [F2,20) = 55.980; p < 0.001; ESf = 0.43, Figure 3.a], these values
still was not recovered to the basal levels, supporting the persistent effect of
cumulative fatigue. Work volume decreased on the second day of fatigue
induction [t,20) =4.191; p < 0.001; ESd = 0.03, Figure 3.b].

DOMS at rest increased from day 1 to day 3 [H) = 50.08; p < 0.001; ESd
= 0.59, Figure 3.c]. Cumulative fatigue also resulted in higher DOMS at palpation
from day 1 to day 2 [F,200 = 30.120; p < 0.001; ESd = 0.24, Figure 3.d] and day

3 [Fs.20) = 30.120; p < 0.001; ESd = 0.59, Figure 3.d].
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Figure 3. Mean (bars) and standard deviation (vertical lines) values for (a) maximal
isometric strength normalized to the individual body mass, (b) work volume in arbitrary
units (au), (c) delayed onset muscle soreness (DOMS) at rest and (d) DOMS at palpation.

NRPS: numeric rate pain scale. For strength and DOMS results. * means p < 0.05.

5.4.2 Skin temperature

Minimum temperature showed main effects for day [F = 4.992; p = 0.018,
f = 0.72]. We observed that the experimental arm showed an increase in the
minimum temperature from day 1 to day 3 [F(.20) = 6.931; p = 0.003; ESd = 0.92,

Figure 4.a]. Comparing arms for each day, we observed an asymmetry at day 1,
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with lower values found for the experimental arm [F(1,20) = 12.397, p = 0.002; ESd
= 0.59, Figure 4.a].

Mean temperature showed main effects for arm [F = 9.819; p = 0.005; ESf
= 0.16] and day [F = 11.177; p = 0.001; ESf = 0.63]. Comparing temperature
variation for each arm at each day, we observed that the experimental arm
showed an increase in the mean temperature from day 1 to day 2 [F(,20) = 7.578;
p = 0.040; ESd = 0.47, Figure 4.b] and from day 1 to day 3 [F(,20) = 7.578; p =
0.003; ESd = 0.76, Figure 4.b]. For control arm we observed increase in mean
temperature from day 1 to day 2 [Fa.20) = 7.578; p = 0.028; ESd = 0.38, Figure
4.b], and from day 1 to day 3 [Fa.20) = 7.578; p = 0.004; ESd = 0.70, Figure 4.b].

In asymmetries analysis, we saw experimental arm with higher values at
day 1 [F(,20) = 7.517, p = 0.013; ESd = 0.18, Figure 4.b]. On day 2, experimental
arm showed higher values [F@.20) = 28.623, p < 0.001; ESd = 0.20, Figure 4.b].
Finally, at day 3, experimental arm had higher values at [F,20) = 10.535, p =
0.004; ESd = 0.25, Figure 4.b].

For maximal temperature, no effect for arm [F20) = 2.284, p = 0.146,
Figure 4.c] nor day [F,20) = 2.298, p = 0.128, Figure 4.c] were found.

The A day 3 - day 1 shows the temperature of experimental arm higher
than control for minimum [t.20) = 3.030; p = 0.007; ESd = 0.58], maximum [t(,20)
= 10.965; p < 0.001; ESd = 0.90] and mean temperatures [ta,20) = 4.834; p <

0.001; ESd = 0.98].
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mean, and (c) maximum temperatures for days 1, 2, and 3 in the experimental and
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each variable. * means p < 0.05.

5.4.3 Relationship between muscle strength and skin temperature
Simple linear regression was calculated to predict participant’s strength

loss based on their mean temperature variation. For minimum temperature a
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significant regression equation was found [F,19= 6.591, p = 0.020], with an R?
of 0.251. Participants’ predicted strength loss (in %) is equal to 0.098 * (mean
temperature variation in °C) + 3.868. Also for mean temperature a significant
regression equation was found [F,20= 6.531, p = 0.019], with an R? of 0.255.
Participants’ predicted strength loss (in %) is equal to 0. 067 * (mean temperature
variation in °C) + 3.043. Finally, for maximum temperature no significant

regression was found [F,20)= 0.468, p = 0.501].
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5.4 Discussion

In this study, we induced a condition of cumulative fatigue in the biceps
brachii muscle and observed the feasibility of using IRT as a monitoring tool
considering fatigue effects on muscle strength and DOMS. The cumulative
fatigue resulted in delayed onset muscle soreness, a major marker of muscle
damage, and significant muscle strength loss, a major marker for performance
impairment. It was possible to relate the effects of cumulative fatigue with IRT
outcomes, with higher temperatures observed in the experimental arm, and the
correlation between the minimum and with the mean temperatures with muscle
strength loss.

Cumulative fatigue reduced the maximal work volume performed. In the
same sense, maximal isometric strength was also reduced by the fatigue
induction protocol. During the three days of testing, strength capacity recovery is
not able to achieve the basal performance, which we argue resultant of the
magnitude of muscle damage and the fact that an adequate recovery time was
not administrated (Fernandes et al., 2019). This disruption of the regeneration
process potentiates inflammation and oxidative stress, factors that negatively
affect muscle strength (Maclintyre et al., 1995; Prochniewicz et al., 2008).

In previous studies, a period of 48 h following strenuous exercise was
associated with higher activity of both stress oxidative and damage markers for
different muscles, including triceps sural (Willian da Silva et al., 2018) and
quadriceps muscles (Machado et al., 2018). Our protocol also generated DOMS
under spontaneous and under palpation conditions indicating that the protocol
induced muscle damage. DOMS results from the sensitization of nociceptors as

a result of the inflammatory process (Basbaum et al., 2009), which in turn
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happens to regenerate muscle damage (Peake et al., 2017). Added together, the
results of reduced workload, loss of maximal isometric strength, and development
of DOMS confirm the cumulative fatigue situation of our protocol.

Observing the behavior of the IRT over the 3 days of measurements, we
saw higher minimum and mean temperatures on day 3 compared to day 1 in the
experimental but not in the control arm. This pattern is different from what
occurred in protocols with a single day of exercise, in which the temperature 48
h after exercise did not differ from baseline values (DE Almeida Barros et al.,
2020). Probably, exercises performed on consecutive days in our protocol
prevented muscle recovery, and IRT seems to be able to detect the heat
produced by the inflammatory process on the third day of measurements, a
cumulative fatigue effect. Since muscle contraction during fatigue induction
occurs over large areas of muscle (Marco et al., 2017), if the temperature rises
because of inflammatory processes resulting from muscle damage, it is expected
that the minimum temperature will be higher than without fatigue and that the
mean temperature of the entire ROI is pulled up.

The control arm showed some variations in mean IRT over the days, with
the temperature on the second and third day being higher than that of the first
day. Although this limb did not perform any exercise, some temperature change
is expected because thermoregulation has systemic effects. (Kenny, 2010). On
the other hand, the changes differ from what occurred in the experimental arm,
and this difference was confirmed by the asymmetry analysis mainly because the
temperature of the experimental arm was higher than that of the control on the
third day. Also, for this reason, we suggest that the conclusions of studies with

IRT take into account the set of information provided by the different variables.
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One way to verify the effects of exercise is the comparison between the
experimental arm and the control arm. We found no differences between the
experimental arm and the control arm when comparing the mean IRT raw data
on day 3, where it would be possible to attest to the situation of accumulated
fatigue. After that, we calculated the temperature variation between day 1 and
day 3 both for the experimental and control arm, and saw asymmetries for all
variables. It seems that the small margin of temperature variation in the post-
exercise period prevents the verification of the difference between limbs
(Formenti et al., 2016), but by calculating the variation between the days without
and with accumulated fatigue, it is possible to affirm the asymmetries.

The identification of changes in skin temperature as related to or
dependent on exercise characteristics is difficult due to individual factors that are
difficult to control among participants. Previous studies performing cross-
sectional measures of temperature in experimental and non-experimental
conditions failed to show conclusive IRT outcomes (Corte et al., 2019; de
Carvalho et al., 2021; Menezes et al., 2018), but when the basal temperature
measured is combined with a follow-up of measurements after exercise, some
stronger conclusions can be drawn (Priego-Quesada et al., 2019). Therefore, the
use of IRT to monitor exercise-induced fatigue effects might require repeated
measures over different days.

Although the IRT does not seems to have the ability to monitor the
development of fatigue in real-time (Bartuzi et al., 2012), and presents conflicting
results regarding its ability to relate to DOMS after a proper recovery period (da
Silva et al., 2021; W. da Silva et al., 2018; Priego-Quesada et al., 2020), we found

that consecutive measurement of IRT can be related to DOMS magnitude. DOMS
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is known to be related to loss of strength (Cleak and Eston, 1992), but its restrict
to making inter-subject comparisons through subjective scales (Borg, 1982).
Therefore, we investigated the direct relationship between IRT variables and
strength values. Both minimum and mean but not maximum temperature were
related to strength loss. This result is supported by evidence that when
performing at a higher temperature, skeletal muscle reduces its ability to produce
strength, in addition to being more vulnerable to injury risk (Castellani et al.,

2016).

Our study has limitations. DOMS can occur in anyone, but is more likely to
happen in sedentary people, which led us to not include physically active people
in this study, limiting speculations about similar results in athletes. In addition, it
was not possible to alternate the order of the measurements (transferring the
situation without exercise to after the accumulated fatigue) since the protocol
generated DOMS and waiting for recovery to be able to evaluate the muscle in
the situation without fatigue again would take a long time for the participants to

bond.

5.5 Conclusions

The Infrared thermography is capable of detecting skin heating due to
cumulative fatigue. The minimum and mean skin temperature were related to
muscle strength reductions when cumulative fatigue was induced by two
consecutive days of exercise. The relationship between skin temperature and
strength losses seems promising to help adjust exercise programs and minimize

the risk of muscle injury.
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6.1 Abstract

Objectives: Cumulative fatigue is an unwanted result of consecutive days of
exercise. We hypothesize that a natural antioxidant such as green tea extract
from Camellia sinensis could reduce the effects of cumulative fatigue. Here we
determine whether green tea extract could prevent muscle damage and preserve
neuromuscular activity in a condition of cumulative fatigue. Equipment and
methods: Sixteen untrained men were divided into intervention (500 g green tea
extract) and placebo (500 g celulomax E) groups and tested for biceps brachii
strength and neuromuscular electrical activity, muscle damage, and oxidative
status before and after cumulative fatigue induced by two consecutive days of
biceps curl exercise. In fatigue induction, work volume was assessed. The
significance level adopted was 0.05. Results: Cumulative fatigue caused muscle
damage in both groups (P<0.01) without affecting strength. The green tea extract
group was able to sustain the exercise volume (P=0.43), while it was reduced for
the placebo group (P=0.04). The green tea extract group showed preserved
neuromuscular activity (entropy and frequency slope) compared to placebo. The
green tea extract group showed stable oxidative status (P=0.09), which was
increased in placebo (P=0.03). Conclusion: Green tea extract supplementation
did not affect the magnitude of muscle damage after cumulative fatigue but
helped preserve neuromuscular performance and maintain exercise volume by

minimizing oxidative stress resulting from cumulative fatigue.

Keywords: Exercise recovery; exhaustion; muscle damage; oxidative status;

electromyography.
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6.2 Introduction

Muscle fatigue causes transient losses in producing and sustaining
strength [1]. A standard paradigm to study muscle fatigue is having participants
perform to exhaustion and then determining the short and long-term adaptations.
Nevertheless, other conditions interest both scientists and exercise participants,
which are the consequences of fatigue induced by exercise performed on
consecutive days. In addition, late damage caused by muscle fatigue can
facilitate the development of muscle injuries and affect neuromuscular
performance. Therefore, prevention or muscle recovery strategies in this context
are necessary.

Strenuous exercise evokes oxidative stress, characterized by an
imbalance between reactive oxygen species (ROS) production, damaging
membranes, proteins, DNA, and other essential structures [2]. Muscle damage is
also an important event that may follow muscle fatigue. Muscle damage is
characterized by the disruption of sarcomeres and myofibrils, usually due to
eccentric exercise. The recovery may take 3 to 7 days, generally leading to
muscle soreness and the rise of inflammatory markers. Together, these events
reduce muscle performance and may increase the risk of a major injury [3].

Since both oxidative stress and muscle damage take a few days to end
their cycles [4], recovery time may not be enough when consecutive bouts of
exercise are imposed. However, with demands inducing fatigue on successive
days, the muscles experience accumulation of metabolites, reinforcing ROS
production and muscle damage, named here as cumulative fatigue. Such
conditions result in a more extended period of impaired contractility and strength

capacity [5].
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Muscle damage requires tissue repair in the exercised muscles through
the inflammatory cascade, but the inflammatory process itself produces high
levels of ROS, which results in oxidative stress and muscle damage [6]. So far,
the studies do not fully describe how the conflicting interdependence between
ROS and inflammation affects the cycle of muscle damage. Therefore, could an
antioxidant supplementation along with exercise-induced muscle damage be a
strategy to balance the relationship between ROS and muscle damage?

Muscle damage was increased in cyclists performing six consecutive days
of strenuous testing but attenuated by bromelain supplementation [5]. A previous
study found that cumulative fatigue leads to muscle damage, increases oxidative
stress, and reduces neuromuscular activation in master trained cyclists, but not
for the group that received green tea extract (GTE) from Camellia sinensis [7].
Also, in exercises involving small muscle groups performing eccentric actions,
GTE supplementation reduced blood markers of muscle damage [8].

Most of the studies on cumulative fatigue consider trained athletes. For
example, untrained people, which do not have an endogenous antioxidant
system so developed [9], may suffer differently from cumulative fatigue when
starting participation in regular physical exercise. However, investigating this
population may help highlight the effect of antioxidant supplementation. Benefits
of GTE supplementation found for trained athletes may also depend on a
predisposition to a faster recovery promoted by physical conditioning and fitness
[10], limiting a broad inference of its effects in less or untrained people.

Until then, the antioxidant properties of GTE only generated benefits in
physical exercise for an animal model, not being reproduced in humans [11].

Furthermore, establishing the GTE as a nutritional alternative for beginners in
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physical exercise could be an advance in human nutrition due to its accessibility
at low cost and the vast literature that attests to the safety of its use [12].
Therefore, the importance of this study relies on the need to explore the
mechanisms of accumulated fatigue and assess the potential of GTE
supplementation to minimize possible negative consequences of the
accumulation of fatigue on muscle contraction.

Here we set out to determine whether GTE supplementation can minimize
the effects of cumulative fatigue on biochemical markers and neuromechanical
performance of untrained men under cumulative exercise. We hypothesize that
GTE supplementation will prevent muscle damage and ensure adequate

neuromuscular activity and, consequently, strength and exercise volume.

6.3 Materials and Methods

We conducted a triple-blinded placebo control study including untrained
men, defined by a self-reported low history of adherence to regular physical
exercise and no regular practice of physical exercise for at least two months. The
protocol consisted of four visits to the laboratory to perform four tests: A) strength
test without supplementation and fatigue; B) first exercise bout to induce fatigue;
C) second exercise bout to induce fatigue; and D) strength test with
supplementation and cumulative fatigue. To avoid task-learning effects, half of
the participants from each group performed “A” one week after “D”. Before “A”
and “D”, we collected blood samples to quantify biochemical markers. Figure 1
depicts the protocol.

We extract the workload information from the biceps curl exercise to

measure isolated muscle endurance. From the isometric contraction, we
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collected maximum strength and neuromuscular electrical activation parameters.

To explore the discussion about the biochemical effects of green tea on fatigue,

we selected a marker of muscle damage and indicators of oxidative status. We

chose both fatigue induction with biceps curl exercise and the isometric strength

test of biceps brachialis to isolate the target muscle of our intervention. Since our

biochemical measurements are blood markers, a more global exercise would

damage a larger muscle group and reduce CK specificity.

A

Moment A

Blood sample
MVC

Supplementation (15 days)

Moment B

Fatigue 1

Moment C

Fatigue 2

Moment D

Blood sampl
MVC

Figure 1. Protocol and experimental set-up. A) Temporal organization of the study. In

half of the participants in each group, moment A was moved to at least one week after

moment D. Moments B, C and D were arranged in consecutive days. B) Posture of the

participant during the tests. Bilateral arrows indicate structures of adjustable length to

maintain the desired alignment (neutral shoulder, elbow at 90°). The dotted line indicates

the orientation of the chain where the load cell (LC) was attached. C) EMG burst and
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strength signals representation during the isometric maximal voluntary contraction

(MVC). Dotted lines indicate the cut off points that corresponds to the MVC hold time.

6.3.1 Subjects

Sample size calculation was performed using the PSS Health tool [13],
estimating the difference between the CK means in the GTE and placebo groups,
with a margin of error of 38 U/L, confidence level of 95%, and an expected
standard deviation of 46 U/L [7]. A sample size of 26 subjects was determined
(with 13 in each group). Thirty participants were contacted, 22 agreed to
participate in the study, 8 did not complete all the tests, and their data were not
added to the analyses. We were unable to replace the participants due to the
restrictions to assess people in research during the coronavirus pandemic.

Participants were randomized to placebo group [n = 8, age 26 (4) years,
body mass 79.3 (9) kg, 1.75 (0.06) m] or intervention (GTE) group [n = 8, age 27
(5) years, body mass 75.2 (7) kg, height 1.69 (0.12) m]. The participant should
perform the proposed tasks and be free of musculoskeletal injuries to the upper
limbs in the last six months. All of them received dietary advice to minimize the
influence of diet on the measures. We also instructed them to avoid changes in
sleep routine during the study period. All participants signed an informed consent
form before starting participation. The ethics committee from the local institution
approved this research (IRB 60376216.4.0000.5323). All procedures were

performed following the Declaration of Helsinki.
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6.3.2 Cumulative fatigue protocol

The fatigue protocol was induced during non-preferred biceps curl
exercise with a 3 kg dumbbell, representing approximately 7% of individual body
mass. This workload was defined based on a previous study that successfully
induced muscle damage and soreness for the same exercise [14]. Participants
were seated on a chair and instructed to perform the exercise under a
metronome-controlled rhythm of 20 beats per minute (bpm).

The exercise range of motion was from the maximal elbow extension to
the maximal elbow flexion, with 50% of the cycle involving an eccentric action.
The first set was conducted to reach the maximum number of repetitions. The
following sets (1 min for rest between sets) were maintained between 50% and
75% of the maximal number of repetitions. If the participant could not achieve
50% of the maximal number of repetitions, the fatigue condition was considered
and the test concluded [15]. The exercise bouts were performed on two
consecutive days, always at the same time of the day. The product between
numbers of repetitions, numbers of series, and load determined the exercise

volume for each day.

6.3.3 Green tea extract supplementation

Supplementation lasted 15 days and considered the daily oral ingestion of
500 mg of green tea extract (GTE) or placebo capsules (celulomax E), always
before the first meal of the day. Chronic supplementation is required to achieve
the antioxidant potential of GTE [7,8]. Therefore, we adopted 15 consecutive days
of supplementation as our intervention. The dose of 500 mg per day is lower than

the maximal dose that previous studies investigating the safety of this substance

175



ingestion and equal to the amount used in studies that showed the effectiveness
of GTE to promote antioxidant defenses [16-18].

The capsules were identical in appearance and handled at a local
pharmacy. A sample of the GTE was tested using high-performance liquid
chromatography (HPLC), and we confirmed the presence of epigallocatechin
gallate (1.60 mg/g), epicatechin (1.59 mg/g), epigallocatechin (16 mg/g), and
epicatechin-gallate (17.80 mg/g). Furthermore, participants were requested to
avoid consuming tobacco, medicines, supplements, green tea, energy drinks,
fruits, milk, caffeine, and alcohol from two weeks before until the end of the tests

[19-21].

6.3.4 Neuromechanical assessment

Neuromechanical assessments were performed at the beginning (“without
fatigue”, basal measure) and the end of the protocol (“‘with fatigue” as an
intervention measure) and included measurement of strength and
electromyography (EMG) sampled at 2000 Hz through a 14-bit electronic device
(Miotec Biomedical Inc., Porto Alegre, Brazil). The participants were seated on
an adjustable chair in which they held a handle to tension a chain attached to a
load cell (Miotec Biomedical Inc., Porto Alegre, Brazil). We aimed to maintain the
participants seated with the hip and knee stable at 90°, shoulders at a neutral
position, elbow at 90° and supine hand, with the load cell aligned perpendicularly
to the ground (Fig. 1.B). The elbow of the tested arm was positioned on a padded
cushion used as a position reference during the tests. After adjustments, three

familiarization trials were performed.
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We asked participants to perform three isometric maximal voluntary
contractions (MVC) for elbow flexion to measure strength. The verbal command
was given to gradually produce force until reach the maximum elbow flexion
strength. Then, the participants sustain the maximal strength for 5 seconds until
hearing the command to stop the contraction [22]. Between each MVC at least a
30-s rest time was given. EMG signals were recorded from the biceps brachii
using a pair of Ag/AgCIl electrodes (bipolar configuration; 22 mm in diameter; an
inter-electrode distance of 20 mm, Kendall Meditrace Inc., Canada) placed on the
skin following local hygiene. We also positioned a reference electrode at a bony
protrusion, following the SENIAM standards [23].

The EMG and force signals were segmented at the 5-s plateau of the MVC
(Fig 2.C) and normalized by body mass. The average of three MVC attempts was
calculated. EMG signals were zero-mean centered and filtered using a band-pass
digital Butterworth filter with a cut-off frequency of 20 — 400 [24]. The Shannon
entropy was obtained from the root mean square (RMS) time-series of the EMG
data resulting from a 50% overlapped rectangular window of 250 ms as an
indicator of complexity and randomness of dynamic biological data [25]. The
frequency spectrum was determined using the fast Fourier algorithm to extract
the frequency peak using a 50% overlapped rectangular window of 500 [26]. The
frequency slope of the linear regression applied for each frequency series was
obtained and considered a myoelectric manifestation of muscle fatigue. We also
determined the medium-to-low-frequency ratio (46-95/15-45 Hz; M/LBF ratio) to
evaluate the shift of the spectrum [27]. All digital signals were offline analyzed
using custom codes written in Matlab (2016a, Mathworks Inc., Massachusetts,

USA).
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6.3.5 Biochemical assays

Before moments A and D, a sample of 10 mL of blood was collected from
the ulnar vein, being 5 mL stored in heparin tubes and 5 mL in EDTA tubes. All
samples were centrifuged for 15 min at 2500 rpm, and plasma was separated
and stored at -80°C. Heparinized samples were used for the determination of
creatine kinase (CK) activity using commercial enzymatic kits (Labtest) to
estimate muscle damage [28]. Other measures were conducted using EDTA
samples.

The concentration of malondialdehyde (MDA) was measured using the
thiobarbituric acid-reactive substances (TBARS) assay by a modification of the
method of Ohkawa et al. [29]. Serum blood was mixed with SDS and
thiobarbituric acid (TBA). Orthophosphoric acid, an antioxidant, was added to the
mixture to avoid oxidation during subsequent heating. After incubation at 95°C
for 60 min, the pink-red chromogen produced by the TBA-MDA adduct was used
to quantify the level of TBARS by measuring its absorbance at 532 nm. The level
of TBARS was calculated and expressed in nmol MDA/mL.

A fluorimetric assay determined the content of reduced glutathione (GSH).
The sample was added in a medium with perchloric acid and potassium
phosphate (TFK), and then ortho-phthalaldehyde (OPA) was added in the dark.
The mixture was incubated for 15 min at room temperature, and the fluorimetric
reading was performed with excitation at 350 nm and emission at 420 nm. The
result is expressed under an average calibration factor [30].

The detection of intracellular reactive oxygen species (ROS) was

performed using a liposoluble probe, 2,7 - dichlorodihydrofluorescein diacetate
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(DCFH-DA), which diffuses into cells, and in the cytosol it is deacetylated by
esterases, forming 2,7 - dichlorodihydrofluorescein (DCFH), which becomes
available to act as a substrate for free radicals formed in the intracellular medium.
After oxidation by free radicals, the probe emits fluorescence, which is measured
in a fluorimeter. The technique has a high sensitivity for ROS detection and the
probe used has increased specificity to H202. The samples were read at times O,
15, 30, and 60 minutes with an emission rate of 520 and extinction 488, and the

data were expressed as % of control [31].

6.3.6 Statistical analyses

The Shapiro-Wilk test identified data with parametric and non-parametric
distributions. Parametric data are presented as mean and standard deviation.
Nonparametric data are presented as median and interquartile ranges. Due to
the final characteristic of the variables resulting from the final n, we decided to
perform intragroup, intergroup, and delta pre x post comparisons separately.
Strength and exercise volume showed a normal distribution and were compared
between groups by independent t-tests. Changes due to fatigue were also
expressed by the delta of change in relation to the basal measure and compared
using the Mann-Whitney test. Except for the GSH activity (which were compared
by t-test), biochemical results did not follow a normal distribution, and
comparisons between groups were performed by Mann-Whitney test. For
parametric data, the Cohen’s effect size (d) was calculated to show the
magnitude of the differences, considered: non effect <0.2, small 0.2 - 0.4,
intermediate 0.5 — 0.7 and large > 0.8 [32]. The significance level adopted was

0.05.
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6.4 Results

6.4.1 Neuromechanical assessment and exercise volume

The effect of cumulative fatigue on the strength [Fig. 2A, tq = 1.066; P
=0.304] and median frequency of neuromuscular activation [P = 0291] did not
differ between placebo and GTE groups. Exercise volume was not influenced by
fatigue in GTE group [Fig. 2B, ta) = 0.828; P = 0.434], but placebo group
experienced a reduced exercise volume when fatigued [Fig. 2B, ta) = 2.372; P
=0.049; d = 0.41]. Deltas in RMS entropy [Fig. 2C, P =0.002] and peak frequency
of neuromuscular activation [Fig. 2D, P = 0.028] were larger in the GTE group
than placebo. Fatigue increased the EMG M/LBF ratio in the placebo group, and

reduced in the GTE group [Fig. 2E, ta) = 2.594; P = 0.023; d = 1.35].
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between groups P < 0.05.
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6.4.2 Biochemical assays

The GTE [Fig. 3A, tu) = 3.385; P = 0.011] and placebo groups [Fig. 3A,
tw) = 7.997; P < 0.001] experienced similar increase in CK levels with fatigue [P
= 0.798]. Placebo group showed an increase in DCFH in fatigue [Fig. 3B, tq) =
4.177; P = 0.004], which did not happen in the GTE group [Fig. 3B, tu) = 1.769;
P = 0.120]. TBARS increased in the placebo group [Fig. 3C, P = 0.039] but not
in the GTE group [Fig. 3C, ta) = 1.901; P = 0.099], and pre/post delta was higher
in the placebo group [Fig. 3C, P =0.014; d = 1.08]. Also, the delta in GSH activity

was smaller for the placebo group [Fig. 3D, tq) = 2.557; P = 0.029; d = 1.27].
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Figure 3. Results of biochemical analysis. A) Plasma creatine kinase (CK) levels

variation for each group; B) Reactive oxygen species (ROS) production evaluated by
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dichloro-dihydro-fluorescein diacetate (DFCH-DA) increasing; C) Plasma lipid
peroxidation variation measured by thiobarbituric acid reactive substances (TBARS)
and; D) Glutathione (GSH) content variation for each group. All results in percentage are
expressed as the variation from basal measure (without fatigue). * means pre and post

different intragroup, # means different percentage between groups P < 0.05.

6.5 Discussion

Here we aimed to describe the cumulative fatigue and observe the
potential of GTE in preventing or reducing the effects of cumulative fatigue on
neuromechanical outcomes related to strength production and biochemical
markers of exercise-induced muscle damage. The hypothesis that GTE
supplementation would avoid muscle damage was rejected, but supplementation
with GTE was confirmed as beneficial for oxidative status and preserved
neuromechanical activity and exercise volume under a condition of cumulative
fatigue.

We performed the isometric MVC before and after exercise to attest to the
presence of fatigue as widely reported [1]. We found that fatigue induced two
consecutive days before MVC does not cause loss of strength. Still, our
neuromechanical and biochemical measurements indicate that changes resulting
from late and cumulative fatigue would not be verified only by assessing MVC.
The group that received the GTE supplementation was able to sustain the
exercise volume under fatigue, which may be understood as better resistance to
fatigue, and may have important practical applicability (e.g., exercise sustained

for a longer time).
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We found different electrical manifestations of fatigue between the
groups. The cumulated fatigue resulted in a shifting of the peak frequency to the
left for the placebo group, which suggests that this group was more susceptible
to fatigue than the GTE group. This left shift of the spectrum indicates that the
task has become more costly for the placebo and helps to explain its lower
exercise volume [33].

Furthermore, to determine which frequencies changed during the MVC
under fatigue, we assessed the M/LBF ratio of the EMG frequency spectrum,
suggested by Karthick and Ramakrishnan [27]. The placebo group demonstrated
a behavior towards increasing the M/LBF ratio, different from the GTE group that
showed a tendency to shift in the opposite direction. The difference in the
behavior of the M/LBF ratio while holding the 100% of MVC between the groups
reinforces that fatigue affects the recruitment of muscle fibers over time and
suggests that the GTE can prevent or delay this change [1].

The increased entropy in the GTE group means a larger probability
of arranging the electrical information of the electromyography signals (RMS)
amplitude. In physiological terms, it may refer to changes in the train of action
potentials. A lower capacity to arrange information, as found in the placebo group,
has been previously defined as signals with lower complexity. This could be
summarized as a poor neuromuscular capacity to adapt to cumulative fatigue
[34]. We interpret the neuromuscular activation entropy varying in opposite
directions for each group as an indicator of better neuromuscular strategy in the
GTE than the placebo.

Despite these pieces of evidence, the question is, what mechanism

explains the protective effect of GTE supplementation against cumulative fatigue
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in these participants? Since the GTE constitution is privileged concerning the
number and positions of the hydroxyl groups in the rings, its antioxidant capacity
is pronounced, and this characteristic helps explain our results [35]. First, our
biochemical analyses revealed that cumulative fatigue induced similar levels of
muscle damage in both groups. GTE supplementation could not minimize the
effects of cumulative exercise on serum CK levels, different from previous studies
also considering GTE supplementation and responses to a single bout of exercise
[36]. It may indicate that the exercise protocol was too severe for untrained men.
We hypothesize that the muscle damage triggered inflammatory processes,
which produced high levels of ROS verified by DCFH-DA measurement,
generating a state of oxidative stress that could delay the restoration of tissue
homeostasis or even reinforce muscle damage [6]. The GTE seemed to avoid the
exacerbation and persistence of ROS production and helped preserve the
exercise volume.

Also, we found increased GSH levels in the GTE group. We hypothesize
that GTE enabled the biosynthesis of GSH, probably by transactivation of the
gamma-glutamylcysteine synthetase [37]. In obese people with metabolic
syndrome, GTE demonstrated increasing GSH availability [38]. This result
indicates that in addition to the action of catechins, supplementation with GTE
favors the endogenous antioxidant activity.

ROS production was higher in the placebo group after cumulative fatigue,
and GTE was able to reduce oxidative stress. A study conducted by Vezzoli et
al. [39] found a correlation between endurance performance in strenuous
exercise and oxidative stress in runners. Likewise, Gravier [40] found no

significant correlation between muscle fatigue and oxidative stress in sedentary
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individuals subjected to exhaustion in cycling. The increase in oxidative stress
was accompanied by changes in the frequency domain of electromyography, as
found in our study. Once again, the antioxidant capacity of GTE seems to bring
benefits in exercise, minimizing the disturbances caused by cumulative muscle
fatigue in electromyography.

Jowko et al. [11] demonstrated that although GTE supplementation
modifies oxygen and fat consumption in athletes, this food supplement is not able
to confirm in humans the performance benefits verified in the animal model. By
shifting the applicability to delay fatigue trying to speed recovery over a sequence
of exercise days, we observed that the GTE antioxidant capacity appears to have
a potential benefit in the exercise context. It may influence neuromuscular
performance and improve fatigue resistance, resulting in a higher exercise
volume. Therefore, we suggest that GTE supplementation benefits endurance
performance in the participants. Our study also provides evidence of a GTE dose
that may be safe and effective for individuals starting an exercise program.

We are aware that our study has some limitations, and our results claim
for further validation in subjects of different characteristics and exercise
backgrounds. The dropouts and the conditions of public health limited our
sample. Although we used other techniques to confirm oxidative status, our
oxidative stress marker was TBARS which, although more accessible, is not a
first-choice technique. Finally, we were unable to perform biopsies to quantify the
muscle damage.

Our study offers as a practical application the possibility of using a natural
product as a dietary supplement with relatively easy access to a wide population

to minimize oxidative stress deleterious consequences for workload in physical
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exercise, indicating a potential benefit of GTE supplementation for endurance
performance.

In summary, the GTE supplementation did not affect the magnitude of
muscle damage after cumulative fatigue. On the other hand, GTE
supplementation helps preserve neuromuscular performance and maintain
exercise volume by minimizing oxidative stress resultant of cumulative fatigue in

untrained men.
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CAPITULO VII

7.1 DISCUSSAO

Nessa tese discutimos o conceito de fadiga acumulada, bem como
estratégias para sua quantificacdo e analise. Também investigamos como uma
intervencao baseada em um composto natural pode repercutir para a prevencao
de condi¢des que de fadiga acumulada acarretem reducao na capacidade fisica
e recuperagao.

No primeiro estudo, nosso interesse era demonstrar que a fadiga
acumulada é um problema real na pratica esportiva, tendo em vista que a
condicao de fadiga desafia o treinamento e o desempenho em competi¢édo (Wan
et al., 2017). Por meio de um banco de dados de uma equipe de ciclismo
profissional, pudemos explorar os dados de desempenho de 12 atletas em duas
edicbes do Giro d’ltdlia. Os resultados encontrados s&o similares aos
encontrados na Vuelta a Espafia e Tour de France (El Helou et al., 2010), o que
significa que esse projeto tem aplicabilidade nas maiores competicbes de
ciclismo do mundo.

Nesse artigo, além de prover uma detalhada descricdo da prova, o que
tem ampla aplicabilidade para treinadores e atletas, verificamos que conforme
0s estagios progridem, a capacidade de permanecer pedalando em intensidades
mais altas é prejudicada. O dia de descanso interrompe esse ciclo, permitindo o
retorno as zonas de pedalada mais intensas, mas a prova mais uma vez avanca
e a fadiga volta a prejudicar o desempenho. Assim, reiteramos que respeitar a
temporalidade da regeneragcdo muscular é necessario para manter o

desempenho (Moran-Navarro et al., 2017), mas também acrescentamos que a
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persistente interrupcao do ciclo de recuperacao gera intensificacdo da perda de
desempenho. Esse tipo de avaliacdo emprega dados que geralmente s&o
monitorados pelas equipes de ciclismo, seja no contexto profissional ou amador,
e permitem inferéncias para o treinamento para varios niveis de intensidade
Destacamos, portanto, a importancia de explorar bancos de dados gerados por
equipes e treinadores do ciclismo.

Devido a necessidade de estudar a fadiga acumulada em outros
contextos, principalmente utilizando intervencdes para prevencao da fadiga que
nem sempre serdo arriscadas em competicdes, entendemos que a fadiga
acumulada deve ser reproduzida e avaliada em laboratorio. Para isso,
preparamos um conjunto de avaliacées bioguimicas e biomecéanicas, mesclando
medidas amplamente consolidadas como a dinamometria, eletromiografia e a
avaliacao de niveis de espécies reativas de oxigénio e CK no sangue (Baird et
al., 2012; Enoka & Duchateau, 2016; Shing et al., 2007) com uma técnica de
imagem que vem ganhando muita popularidade na analise do movimento
humano, e a qual nos colocamos como exploradores do seu potencial: a
termografia infravermelha (IRT).

A IRT é bem consolidada enquanto tecnologia da avaliacdo de
temperatura de superficies no geral, inclusive nas ciéncias da saude (Priego
Quesada, 2017), mas é relativamente nova no monitoramento de desempenho
esportivo. Seja para doencas como 0 cancer, seja para lesdes macroscopicas
do sistema musculoesquelético, a técnica de avaliacdo da IRT envolve muitas
vezes a comparacao da simetria das temperaturas entre um local potencialmente
injuriado e um local controle (Vardasca et al., 2012). Por exemplo, para o cancer

de mama comparam-se os padrdes térmicos de um seio com o outro, ou ainda
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para lesdo muscular, uma coxa com a outra, e assim por diante (Priego Quesada,
2017).

Porém, antes de trazer esse tipo de avaliacdo para o contexto da fadiga
acumulada, precisdvamos garantir que nosso equipamento era adequado, e
padronizar a forma de coletar e processar os dados para obter resultados
fidedignos. Por isso, avaliamos a capacidade de diferentes céameras
termograficas infravermelhas de detectar assimetrias térmicas em diferentes
distancias de amostras artificiais. Além de prover a outros pesquisadores
diretrizes sobre a acuracia de tais cameras, vimos que n0sSso equipamento tem
resultados proximos a um dos modelos mais sofisticados entre as cameras
termograficas. No mesmo sentido, verificamos que os termogramas devem ser
registrados o mais perto possivel da regido de interesse, corroborando um
estudo anterior (Kirimtat et al., 2020), o que restringe, por exemplo, as avaliacdes
a segmentos menores em detrimento a fotos de um membro de cada vez ou a
fotos de corpo inteiro. Ainda com o objetivo de atestar a fiabilidade do diagndstico
de fadiga muscular por meio da IRT, avaliamos os resultados extraidos dos
termogramas por diferentes pesquisadores, e hotamos que ha consisténcia dos
resultados entre avaliadores, que é recomendavel que para cada estudo uma
Unica camera seja utilizada e, por fim, que a temperatura média é a variavel mais
confiavel.

Uma vez que padronizamos o uso da IRT, o proximo passo foi recrutar
participantes para a inducéo da fadiga acumulada em laboratério. Protocolos de
fadiga acumulada envolvem pelo menos trés dias de exposicdo ao exercicio,
sendo dois para executar a fadiga em dias consecutivos e um terceiro momento

para avaliar as consequéncias do protocolo (Kataoka et al., 2022; Tosovic et al.,
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2016). Executando esse protocolo, vimos que a fadiga acumulada imposta sobre
o biceps braquial do membro néo preferido gerou perda de forca no terceiro dia,
0 que coincidiu com um aumento de temperatura média da pele em comparacéo
aos valores basais, e em comparacdo ao membro controle. Esse aumento da
temperatura provavelmente ocorreu em consequéncia de um processo
inflamatorio local como resposta ao dano muscular tipico desse tipo de protocolo
(da Silva, Machado, Souza, Kunzler, et al., 2018; Machado et al., 2018). Vimos,
portanto, que é possivel simular uma situacdo de fadiga acumulada em
laboratorio e que é possivel provoca-la em musculo isolado. A IRT parece nao
ser capaz de atestar a fadiga em tempo real (Bartuzi et al.,, 2012), mas tem
potencial para o avaliacdo pds dias consecutivos de exercicios (Priego Quesada
et al., 2015).

Finalmente, nos propusemos a avaliar o extrato de cha verde (ECV) como
alternativa para evitar ou minimizar os efeitos negativos da fadiga acumulada
sobre aspectos do desempenho. Nesse estudo utilizamos como medida
biomecanica a eletromiografia, uma técnica com protocolos padronizados e com
maior capacidade de explorar os eventos da contracdo muscular (Cifrek et al.,
2009). Essa escolha se mostrou adequada, uma vez que o protocolo de inducdo
de fadiga acumulada ndo gerou perda de forga muscular no terceiro dia, mas
algumas das variaveis eletromiogréaficas estavam alteradas. Isso reforca a tese
gue o sistema neuromuscular tem componentes de redundéancia, e portanto,
executar uma tarefa de producao de forca mesmo sob fadiga (P. W. Marshall et
al., 2021). Nas medidas bioquimicas vimos com nitidez o efeito da fadiga
acumulada, principalmente pela alta presenca de CK ao fim do protocolo e pelas

variaveis que atestam o status oxidativo.
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Em resumo, apesar de nenhum grupo apresentar variacao de forca com
o protocolo, apenas o grupo que recebeu ECV foi capaz de preservar o volume
de trabalho no segundo dia de inducdo de fadiga, bem como apresentou
resultados preservados nas variaveis eletromiograficas. No mesmo sentido, o
nivel de dano muscular foi aumentado em ambos 0s grupos, mas a producao de
radicais livres foi reduzida nesse grupo, o que produziu menor estresse oxidativo
e maior atividade da enzima glutationa GSH, provavelmente estimulada pelo
préprio extrato de cha verde. Em conjunto, esses dados indicam que o ECV tem
potencial para preservar o volume de trabalho e a contratilidade muscular de

homens submetidos a fadiga acumulada.

7.2 CONCLUSAO

Com base em nossos resultados, podemos concluir que:

1. E possivel verificar a fadiga acumulada por meio de dados de volume
e zona de poténcia em dias consecutivos de competicdo como durante
um grand tour. Os dias de descanso favoreceram a recuperacéo do
desempenho, o que reforca o fato de que a perda do desempenho se
deve a interrupcdo do processo de recuperacdo da homeostase
muscular.

2. Cameras com caracteristicas de hardware mais baixas sao mais

propensas a apresentar maiores taxas de erro. Além disso, a distancia

mais proxima entre a cdmera e a regido de interesse foi um fator
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4.

5.

6.

determinante para a precisdo dos resultados. Em conjunto, esses
resultados também indicam que a padronizacdo dos protocolos de
medicdo é um fator determinante para a validade da analise das
assimetrias de temperatura.

Encontramos maior correlacdo intraclasse entre cameras e
interexaminadores na variavel temperatura média, mas quando séo
considerados os efeitos do exercicio fisico, a variabilidade dos dados
aumenta. E recomendavel utilizar sempre o mesmo modelo de cAmera
para cada projeto, sendo a temperatura média a variavel mais
confiavel.

A termografia infravermelha é capaz de detectar o aquecimento da
pele devido a fadiga acumulada. As medidas de temperatura minima
e média da pele se mostram relacionadas com reducdo da forca
muscular quando a fadiga acumulada € induzida por dois dias
consecutivos de exercicio. A relacao entre a temperatura da pele e as
perdas de forca parece promissora para ajudar a ajustar os programas
de exercicios e otimizar a performance.

A utilizacdo de um produto natural de relativamente facil acesso a
populacédo (extrato de cha verde) como suplemento alimentar ajuda a
minimizar as consequéncias deletérias do estresse oxidativo para a
carga de trabalho no exercicio fisico, indicando um potencial beneficio
desse produto para o desempenho de resisténcia.

A suplementacgéo de extrato de cha verde ndo afetou a magnitude do
dano muscular apos a fadiga cumulativa. Por outro lado, ajuda a

preservar o desempenho neuromuscular e manter o volume de
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exercicio, minimizando os efeitos da fadiga cumulativa em homens

nao treinados.
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7.3 PERSPECTIVAS FUTURAS

1. Determinar se a fadiga acumulada tem caracteristicas especificas
para pessoas do sexo masculino e feminino, e o impacto do ciclo
hormonal das mulheres na avaliacdo dos seus efeitos;

2. Investigar se as variaveis eletromiograficas afetadas pela fadiga
acumulada se relacionam com as variacGes da temperatura da pele;

3. Explorar se o nivel de condicionamento fisico influencia na
capacidade de o extrato de cha verde produzir seus efeitos
antioxidantes;

4. Entender se fatores comportamentais como motivacdo, estresse,
humor, etc. podem contribuir para a fadiga acumulada;

5. Desenvolver ferramentas de analise de dados que possam combinar
diferentes informacgdes e gerar indices que ndo se baseiem apenas

na variacao da perda de forca para atestar a fadiga acumulada.
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muscular apos exercicio: da biomecanica a bioquimica.

. Mini Simpésio de Biomecanica - Desafios da locomocédo, 2019 - Efeito da

sensibilidade cutanea dos pés na pressao plantar.

Prémios e distincdes em eventos:

. 2021 - Melhor trabalho apresentado na modalidade Poster, na categoria
Locomocdo e Postura, durante XIX CBB 2021, Congresso Brasileiro de

Biomecanica - XIX CBB 2021 — Belo Horizonte, MG, Brasil.

. 2020 - Best Poster, | International Congress on Application of Infrared

Thermography in Sport Science — Valéncia, Espanha.
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