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RESUMO

Respostas neuromusculares, termorregulatorias e oxidativas ao treinamento de forca
tradicional e excéntrico em atletas de powerlifting paralimpico, Joilson Alves de
Souza Leite Janior, Sao Cristévao, 2026.

Introducéo: O Powerlifting € uma modalidade de forca maxima caracterizado pela
execucdo de trés movimentos multiarticulares: agachamento, supino reto e
levantamento terra, exigindo elevado controle neuromuscular e eficiéncia mecanica.
No contexto paralimpico, em funcdo das caracteristicas funcionais dos atletas
elegiveis, apenas o0 exercicio supino reto € realizado em competicdo, sendo
adotadas adaptacdes especificas que garantem seguranca, padronizacéo técnica e
equidade esportiva. Objetivos: Investigar os efeitos agudos e subagudos do
treinamento de forca tradicional e excéntrico sobre indicadores neuromusculares,
mecanicos, termorregulatérios e oxidativos em atletas de powerlifting paralimpico,
bem como comparar essas respostas com atletas convencionais. Métodos: A tese
foi composta por trés estudos experimentais envolvendo atletas masculinos
treinados de  powerlifting  paralimpico. Foram avaliados indicadores
neuromusculares, incluindo forga isométrica maxima (FIM), taxa de desenvolvimento
de forca (TDF), tempo até a forca isométrica maxima (TFIM) e ativacdo muscular por
eletromiografia de superficie (SEMG) dos musculos peitoral maior (por¢éo esternal),
peitoral maior (porcdo clavicular) e deltoide (porcdo anterior) e triceps braquial
(cabeca longa). As variaveis mecanicas analisadas incluiram velocidade maxima
(Vmax), velocidade propulsiva média (VPM) e poténcia (POT), enquanto a resposta
termorregulatoria foi avaliada por meio da temperatura da pele (Tsk). O estresse
oxidativo foi analisado por biomarcadores como substancias reativas ao acido
tiobarbittrico (TBARS) e grupos sulfidrilicos (SH). As avaliacdes foram realizadas
antes, imediatamente apos, 24h e 48h apds sessdes de treinamento tradicional e
excéntrico, com protocolos baseados em cargas relativas de 1RM. Resultados: Os
resultados demonstraram que o0 treinamento excéntrico promoveu respostas
fisiologicas mais intensas, caracterizadas por aumento da temperatura da pele,
maior elevacdo de marcadores de estresse oxidativo e maiores adaptacdes
neuromusculares em momentos especificos, embora associado a maior fadiga e
recuperacdo mais prolongada. Por outro lado, o treinamento tradicional apresentou
respostas mais estaveis, com recuperacdo mais rapida dos indicadores de
desempenho. Conclusdo: O treinamento excéntrico configura-se como uma
estratégia eficaz para promover adaptacbes neuromusculares e fisiologicas
relevantes em atletas de powerlifting paralimpico, embora demande maior controle
da fadiga e do processo de recuperagdo. Ja o treinamento tradicional apresenta-se
como uma abordagem mais estavel e adequada para periodos de manutencéo e
preparacao competitiva. A combinacao estratégica entre os métodos pode otimizar o
desempenho esportivo, respeitando as especificidades fisioldgicas e funcionais dos
atletas paralimpicos, reforcando a necessidade de individualizacdo da prescri¢cdo do
treinamento.

Descritores: treinamento de forca; treinamento excéntrico; powerlifting paralimpico;
respostas neuromusculares; estresse oxidativo.



ABSTRACT

Neuromuscular, thermoregulatory, and oxidative responses to traditional and
eccentric strength training in Paralympic powerlifting athletes, Joilson Alves de Souza

Leite Junior, Sao Cristévao, 2026.

Introduction: Powerlifting is a maximal strength sport characterized by the execution
of three multi-joint movements: the squat, bench press, and deadlift, requiring high
levels of neuromuscular control and mechanical efficiency. In the Paralympic context,
due to the functional characteristics of eligible athletes, only the bench press is
performed in competition, with specific adaptations implemented to ensure safety,
technical standardization, and competitive equity. Objectives: To investigate the
acute and subacute effects of traditional and eccentric strength training on
neuromuscular, mechanical, thermoregulatory, and oxidative indicators in Paralympic
powerlifting athletes, as well as to compare these responses with those of
conventional athletes. Methods: This thesis consisted of three experimental studies
involving trained male Paralympic powerlifting athletes. Neuromuscular indicators
were assessed, including maximum isometric force (MIF), rate of force development
(RFD), time to maximum isometric force (TMIF), and muscle activation measured by
surface electromyography (SEMG) of the pectoralis major (sternocostal and clavicular
portions), anterior deltoid, and triceps brachii (long head). Mechanical variables
included peak velocity (Vmax), mean propulsive velocity (MPV), and power output
(POT), while thermoregulatory responses were evaluated niyxnxa skin temperature (Tsk).
Oxidative stress was assessed using biomarkers such as thiobarbituric acid reactive
substances (TBARS) and sulfhydryl groups (SH). Measurements were performed at
baseline, immediately post-exercise, and at 24 and 48 hours following traditional and
eccentric training sessions, using protocols based on relative loads (%1RM).
Results: The findings demonstrated that eccentric training elicited more pronounced
physiological responses, characterized by increased skin temperature, greater
elevations in oxidative stress markers, and enhanced neuromuscular adaptations at
specific time points, although it was also associated with greater fatigue and
prolonged recovery. In contrast, traditional training produced more stable responses,
with faster recovery of performance indicators. Conclusion: Eccentric training
appears to be an effective strategy for promoting relevant neuromuscular and
physiological adaptations in Paralympic powerlifting athletes, although it requires
careful management of fatigue and recovery. Conversely, traditional training
represents a more stable approach, particularly suitable for maintenance phases and
competitive preparation. A strategic combination of both methods may optimize
athletic performance while respecting the physiological and functional specificities of
Paralympic athletes, reinforcing the need for individualized training prescription.

Keywords: strength training; eccentric training; Paralympic powerlifting;
neuromuscular responses; oxidative stress.



RESUMO VOLTADO PARA A SOCIEDADE

Respostas neuromusculares, termorregulatorias e oxidativas ao treinamento de forca
tradicional e excéntrico em atletas de powerlifting paralimpico, Joilson Alves de

Souza Leite JUnior, Sao Cristévao, 2026.

O que é 0 estudo?

O Powerlifting Paralimpico é uma modalidade de forca em que atletas com deficiéncia
nos membros inferiores realizam o exercicio do supino reto adaptado. Como 0 esporte exige
niveis altissimos de forca, controle muscular e estabilidade nos membros superiores,
treinadores utilizam diferentes métodos de treinamento para potencializar os resultados. Este
trabalho buscou investigar e comparar os efeitos de dois métodos de treino: o Treinamento
Tradicional e o Treinamento Excéntrico (que foca na fase de descida do peso com maior
carga) sobre o rendimento, a fadiga muscular, a temperatura do corpo e o estresse oxidativo

dos atletas.
Como a Pesquisa Foi Realizada?
A tese foi estruturada em trés estudos experimentais com atletas masculinos de alto

rendimento no Powerlifting Paralimpico (competidores de nivel nacional/internacional):

> Estudo 1 (12 atletas): Avaliou a forca méaxima estéatica, o tempo para atingir a forca, a

temperatura da pele (para medir inflamacédo/fadiga) e a atividade elétrica dos
musculos.

» Estudo 2 (19 atletas): Analisou a forca maxima, a velocidade do movimento, a

poténcia muscular e a resposta da temperatura corporal.

» Estudo 3 (15 atletas): Investigou os marcadores de estresse oxidativo (desgaste

celular) e a capacidade de gerar forca rapida.

Em todos os experimentos, os atletas foram testados em quatro momentos: antes do

treino, imediatamente apds, 24 horas e 48 horas depois.

Principais Achados:

» Treinamento Tradicional: Apresentou respostas mais estaveis. Os atletas

demonstraram uma recuperac¢do mais rapida da for¢a, velocidade e poténcia, além de
menor desgaste muscular acumulado.

> Treinamento Excéntrico (Enfase na Descida da Carga): Provocou respostas

fisiolégicas mais intensas. Aumentou a temperatura muscular, gerou maior estresse



oxidativo e promoveu estimulos mais profundos de forca e adaptacdo muscular em
momentos especificos. No entanto, por exigir mais do organismo, também causou

maior fadiga e um processo de recuperacao mais lento.
Concluséo e Aplicacao Pratica:
Ambos os métodos sdo valiosos, mas devem ser usados de forma estratégica e

individualizada no planejamento dos treinos:

» Fases de Ganho de Forca: O Treinamento Excéntrico € uma ferramenta potente para

estimular ganhos mais profundos e adaptar a musculatura contra o estresse intenso.

» Fases de Competicdo: O Treinamento Tradicional € o mais indicado para momentos

proximos as provas e periodos de manutencédo, pois garante menor fadiga e pronta

recuperacéo dos atletas.

A combinagdo planejada dessas duas metodologias otimiza a evolugdo do
desempenho esportivo paralimpico com seguranca, prevenindo lesdes e respeitando 0s

limites do corpo.
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1.1 O ESTADO DA ARTE

A atividade fisica é compreendida como qualquer movimento corporal
produzido pela musculatura esquelética que resulte em gasto energético acima dos
niveis de repouso, sendo considerado um componente fundamental para a saude e
o0 desempenho humano (Caspersen et al., 1985).

O exercicio fisico constitui uma subcategoria da atividade fisica,
caracterizando por ser planejado, estruturado, repetitivo e orientado, com objetivos
especificos, sendo eles manutencao, desenvolvimento ou melhora de componentes
da aptiddo fisica, incluindo capacidades cardiorrespiratorias, neuromusculares,
morfologicas, metabdlicas e motoras (ACSM, 2019; Caspersen et al., 1985). No
contexto esportivo, 0 exercicio fisico assume papel central na preparacao
sistematica do atleta, sendo organizado em programas de treinamento com base em
principios cientificos e controle de carga.

O Powerlifting € uma modalidade de forca maxima caracterizado pela
execucdo de trés movimentos multiarticulares: agachamento, supino reto e
levantamento terra, exigindo elevado controle neuromuscular e eficiéncia mecanica.
Ja& no Powerlifting Paralimpico (PP), a atletas com deficiéncias fisicas permanentes,
como amputacdes de membros inferiores, mas-formacdes congénitas, lesdes
medulares, baixa estatura e condi¢cdes neuroldgicas especificas. Independentemente
do tipo de deficiéncia, o objetivo principal é levantar a maior carga possivel em uma
Unica tentativa vélida de supino reto, respeitando os critérios técnicos estabelecidos
pela federacao internacional. Essa configuracao reforca a importancia de estratégias
de treinamento individualizadas, que considerem as particularidades clinicas,
neuromusculares e biomecanicas de cada atleta, bem como suas respostas
fisiologicas ao esforco de alta intensidade.

A modalidade de PP é atualmente regulamentada em nivel internacional pelo
World Para Powerlifting (WPPO), entidade vinculada ao International Paralympic
Committee (IPC), com sede em Bonn, Alemanha, enquanto, no Brasil, sua
organizacdo e desenvolvimento sdo conduzidos pelo Comité Paralimpico Brasileiro
(CPB), com sede em Sé&o Paulo, Brasil. As competi¢cGes oficiais reconhecidas pelo
WPPO seguem regras e regulamentos técnicos padronizados, atualizados
periodicamente, que definem critérios rigorosos de execucdo do movimento,
utilizacdo de equipamentos, requisitos técnicos e sistemas de pontuacéo, aplicaveis
a todas as competicdes sancionadas, incluindo o ciclo competitivo 2025-2028, que
engloba eventos internacionais como Campeonatos Mundiais, Copas do
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Mundo, etapas regionais e culmina nos Jogos Paralimpicos e demais competicbes
multiesportivas associadas.

Nesse contexto, homens e mulheres competem em categorias de peso
corporal distintas, sendo a precisdo biomecanica e o controle neuromuscular
determinantes para a validacdo de cada tentativa. Durante as competicdes, 0s
atletas realizam exclusivamente o exercicio supino reto em um banco especialmente
projetado, obedecendo a uma sequéncia padronizada de comandos oficiais, que
inclui a retirada da barra com os cotovelos estendidos, a descida controlada até a
parada visivel na regido do peitoral, a manutencéo estavel da barra nessa posi¢céo e
a subsequente extensdo completa e simultanea dos cotovelos; qualquer assimetria,
instabilidade ou falha técnica resulta na invalidacdo do levantamento.

No que se refere a elegibilidade esportiva, o0 WPPO reconhece diferentes
tipos de deficiéncia fisica, como comprometimento da for¢ca ou poténcia muscular,
limitagcdes permanentes da amplitude de movimento, deficiéncias ou discrepancias
no comprimento dos membros inferiores, baixa estatura e condi¢cdes neurologicas
associadas a alteragfes dos tdnus ou da coordenacdo motora (WPPO, 2025, s.d.).

A classificacdo dos atletas ocorre exclusivamente por categorias de peso
corporal, sem subdivisbes funcionais adicionais, o que eleva substancialmente o
nivel de competitividade e exige elevado desempenho neuromuscular dos
participantes. Competem homens e mulheres com deficiéncia nos membros
inferiores, baixa estatura e paralisados cerebrais. Cada competidor possui trés
tentativas, objetivando levantar a maior carga vdlida como resultado final. A
participacdo na competicdo € livre para todos os individuos elegiveis, nas categorias:
novato (15 a 17 anos), préxima geracao (18 a 20 anos), elite (+15 anos) e lenda (+45
anos) (WPPO, 2025, s.d.).

Durante o movimento, os principais musculos envolvidos séo: o peitoral maior
(porcdes esternal e clavicular), o deltdide anterior e o triceps braquial (cabeca
longa). A execuc¢do do supino reto consiste na fase excéntrica e concéntrica. Na fase
excéntrica, o individuo remove a barra do rack, posiciona os bracos com os
cotovelos estendidos e travados, e ao sinal do arbitro, desce a barra até tocar o
peito, realizando uma parada visivel. A fase concéntrica consiste no retorno a
posi¢cdo inicial, até que os bragcos estejam novamente estendidos e 0s cotovelos
travados. O atleta deve permanecer estatico nesta posicéo até que o arbitro sinalize
o retorno da barra ao rack. As categorias presentes na modalidade estdo descritas

na tabela 1, juntamente com a faixa de peso corporal limitrofe:



Tabela 1: Categorias por peso corporal.
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Género Categoria Peso Corporal Mimino (kg) | Peso Corporal Maximo (kg)
Até 41.0kg - 41.0
Até 45.0kg 41.1 45.0
Até 50.0kg 45.1 50.0
Até 55.0kg 50.1 55.0
Feminino Ate:z 61.0kg 55.1 61.0
Até 67.0kg 61.1 67.0
Até 73.0kg 67.1 73.0
Até 79.0kg 73.1 79.0
Até 86.0kg 79.1 86.0
Acima de 86.0kg 86.1 -
Até 49.0kg - 49.0
Até 54.0kg 49.1 54.0
Até 59.0kg 54.1 59.0
Até 65.0kg 59.1 65.0
Masculino Até 72.0kg 65.1 72.0
Ate 80.0kg 721 80.0
Até 88.0kg 80.1 88.0
Até 97.0kg 88.1 97.0
Até 107.0kg 97.1 107.0
Acima de 107.0kg 107.1 -

Fonte: Adaptado do livro de regras do Powerlifting Paralimpico (WPPO, 2025, s.d.).

A predominancia do uso dos membros superiores impde demandas
neuromusculares elevadas, tornando o controle motor, a estabilidade articular e a
producédo de forca fatores criticos para o desempenho competitivo. No estagio inicial
do treinamento, evidéncias indicam que alteracdes no sistema nervoso precedem
mudancas morfolégicas, com aumento da excitabilidade corticospinal, do drive
neural central e da eficiéncia no controle da contracdo muscular, contribuindo de

forma determinante para os ganhos iniciais de forga (Wilson et al., 2023).

No ambito periférico, observa-se a modulacdo da taxa de disparo das
unidades motoras, o aprimoramento da sincronizacdo e a maior estabilidade no
recrutamento neural, fatores diretamente associados a capacidade de producéo e ao
rapido desenvolvimento de forca, mesmo em tarefas de alta exigéncia mecanica (Del
Vecchio et al., 2019). A medida que o treinamento progride, essas adaptacées
neurais se integram a mudangcas estruturais, como hipertrofia muscular e
reorganizacao funcional dos musculos agonistas e sinergistas, resultando em maior
eficiéncia mecanica e refinamento do controle motor, aspectos particularmente
relevantes em atletas paralimpicos submetidos a rigorosos critérios técnicos de
execugao.

O treinamento de alta intensidade induz adaptacdes multidimensionais no
sistema neuromuscular, como hipertrofia muscular, mudancas na espessura e
arquitetura das fibras e reorganizacdo funcional dos musculos agonistas e
sinergistas que em conjunto com ajustamentos neurais contribuem para maior

eficiéncia mecanica e controle do gesto esportivo (Rong et al., 2025).
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O monitoramento dos atletas inclui dois propdsitos importantes, mas
sobrepostos: o0 manejo da fadiga e a efichcia do programa, envolvendo a
manipulacédo do volume e da intensidade, portanto, € importante discutir os métodos
usados para monitorar a forca e os estimulos de treino a fim de beneficiar o
desempenho motor geral do atleta (Suchomel et al., 2021). Diante desse cenario,
observa-se um crescente interesse cientifico em investigar os efeitos de distintas
estratégias de treinamento resistido no PP, especialmente no que se refere a
comparacao entre o método de Treino Tradicional (TT), composto por 5 séries de 5
repeticdes maximas (RM) (Austin & Mann, 2012), e o método de Treino Excéntrico
(TE) composto por 5 séries de 5 repetices maximas (Taber et al., 2021a).

A compreensdo integrada das respostas mecanicas, neuromusculares,
térmicas e bioquimicas torna-se fundamental para o aprimoramento do desempenho
esportivo e para o desenvolvimento de programas de treinamento mais seguros,
eficazes e individualizados, constituindo o eixo central das investigacbes que
fundamentam a presente tese.

Diversos meétodos tém sido propostos para monitoramento da carga de
treinamento, cada um com diferentes niveis de sensibilidade e aplicabilidade no
contexto do desempenho esportivo. Praticantes de for¢ca e condicionamento tém
acesso a uma grande variedade de métodos que podem ser usados para monitorar
e ajustar a intensidade do treino. No entanto, é importante compreender as
vantagens e desvantagens de cada método. Muitos dos métodos podem ser usados
juntos para fornecer uma compreensdo maior do estado de treinamento do atleta.
Além disso, futuras estratégias de monitoramento podem contribuir para essas

medidas focadas nos resultados dos atletas (Suchomel et al., 2021).

1.2 INTRODUCAO

A execugao de movimentos, sejam simples ou complexos, constitui a principal
resposta motora do sistema nervoso frente a estimulos internos ou externos,
culminando na contracdo muscular. No sistema motor somatico, essa funcdo é
organizada por estruturas com diferentes papéis: os musculos esqueléticos atuam
como elementos efetuadores; os motoneurénios da medula espinal e do tronco
encefélico funcionam como ordenadores; o cerebelo e os ndcleos da base
desempenham o controle da execugdo; e o coOrtex motor € responsavel pelo
planejamento das ac¢des. O processo contratil ocorre por meio do deslizamento de
proteinas especializadas dentro das fibras musculares, desencadeado pela chegada

do potencial de acdo ao motoneuronio, liberagcdo de neurotransmissores e ativacao
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de proteinas do citoesqueleto (Aires, 2018; Boron & Boulpaep, 2020; Ganong, 2014;
SILVERTHORN, D. U., 2017).

Com base na teoria da ponte cruzada da contracdo muscular, a forca exercida
pelo musculo é gerada pela interacdo entre actina e miosina, 0 que resulta na
traducdo das proteinas miofibrilares umas em relacao as outras. No entanto, quando
as fibras musculares sado alongadas em uma contracdo excéntrica, as ligacoes de
actomiosina provavelmente sdo interrompidas mecanicamente, em vez de sofrerem
um descolamento dependente de ATP (Flitney & Hirst, 1978). Esse perfil de carga
impbe tensbes nas estruturas envolvidas e pode contribuir para o dano tecidual que
ocorre com contragcdes excéntricas (Enoka, R. M., 2015). Diversas anomalias
estruturais sdo evidentes nos muasculos apds o exercicio, especialmente em
exercicios que envolvem contracbes excéntricas, como perturbacdo sarcolematica,
dilatacdo do sistema de tubulos transversos, distorcdo dos componentes
miofibrilares, fragmentacdo do reticulo sarcoplasmético, lesbes da membrana
plasmatica, danos no citoesquelético, alteragcdes na matriz extracelular da miofibra e
mitocdndrias inchadas (Enoka, 1996; Fridén & Lieber, 1992).

As fibras musculares esqueléticas sao alongadas, multinucleadas e dispostas
em feixes revestidos por tecido conjuntivo, que se prolonga até formar os tenddes.
Em seu interior, as miofibrilas apresentam filamentos finos, compostos
principalmente por actina, tropomiosina e troponina e filamentos grossos de miosina,
arranjados em unidades repetitivas chamadas sarcOmeros, responsaveis pela
aparéncia estriada do musculo. Estruturas como o reticulo sarcoplasmatico e os
tubulos T integram o acoplamento excitacdo-contracdo por meio da regulacdo da
liberacdo de calcio (Caz*). Proteinas como titina, nebulina e distrofina mantém a
integridade e a elasticidade do sarcoOmero, e mutagcdes em seus genes podem
resultar em doencas neuromusculares (Aires, 2018; Boron & Boulpaep, 2020;
Koeppen & Stanton, 2018).

A juncdo neuromuscular € o ponto de comunicacao entre o terminal axdnico
do motoneurbnio e a placa motora da fibra muscular, onde ocorre a transmisséo
sindptica por meio da liberacdo do neurotransmissor acetilcolina (ACh). Essa
estrutura possui botdes sinapticos contendo vesiculas com ACh, canais de célcio
dependentes de voltagem e mitocondrias. Quando o potencial € deflagrado e chega
a terminacao nervosa, a ACh é liberada e se liga a receptores nicotinicos nas dobras
da membrana pés-sinéptica, permitindo o influxo de Na* e o efluxo de K*, gerando o
potencial da placa motora. Ao atingir o limiar de excitacdo, sdo ativados canais de

Na* dependentes de voltagem, propagando o potencial de agéo pela fibra muscular,
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com velocidade dependente da bainha de mielina, desencadeando a liberagdo de
Ca?* do reticulo sarcoplasmatico. Esse calcio se liga a troponina, formando o
complexo Troponina C, promovendo o deslocamento da tropomiosina e permitindo a
interacdo actina-miosina, responsavel pela contracdo muscular. O relaxamento
ocorre com o retorno do Ca?* ao reticulo sarcoplasmatico, restabelecendo o estado
de repouso (Aires, 2018; Ganong, 2014; SILVERTHORN, D. U., 2017).

A intensidade da contracdo muscular depende da quantidade de fibras
ativadas e da frequéncia dos estimulos nervosos. O recrutamento progressivo de
unidades motoras caracteriza a somacao espacial, enquanto estimulos sucessivos
em alta frequéncia, antes do relaxamento completo, resultam em somacao temporal,
podendo gerar tetania. Além disso, o comprimento inicial do musculo influencia a
forca produzida: ha um comprimento étimo que maximiza a sobreposi¢cao de actina e
miosina, favorecendo a geracdo de tensdo (Boron & Boulpaep, 2020; Ganong,
2014).

As fibras musculares esqueléticas se dividem, classicamente, em fibras do
tipo | (oxidativas lentas) e do tipo Il, sendo estas subdivididas em lla (oxidativas-
glicoliticas rapidas) e lIx (glicoliticas rapidas), com propriedades estruturais e
funcionais distintas. As fibras tipo |, de metabolismo oxidativo, possuem alta
densidade mitocondrial, grande quantidade de mioglobina e enzimas oxidativas,
sendo resistentes a fadiga e adaptadas a atividade aerdbia.

As fibras tipo I, com metabolismo predominantemente glicolitico, s&o
adaptadas a esforcos de alta intensidade e curta duracdo. Dentro desse grupo, as
fibras lla possuem caracteristicas intermediarias, enquanto as Ilb, menos
vascularizadas e com menor quantidade de mitocondrias, sdo especializadas em
contragOes explosivas e curtas (Aires, 2018; BERNE, R. M. & et al., 2020;
SILVERTHORN, D. U., 2017).

As caracteristicas das fibras musculares influenciam diretamente o
funcionamento das unidades motoras. Fibras tipo | necessitam de menor frequéncia
de estimulacao para fundir contragdes (12-15Hz), enquanto fibras tipo Il demandam
frequéncias mais elevadas (>40Hz). Essas diferencas estdo associadas a expressao
de isoformas especificas de proteinas contrateis e reguladoras, moduladas pela
interacdo trofica entre motoneurénios e fibras musculares (Aires, 2018; Ganong,
2014; SILVERTHORN, D. U., 2017).

As células musculares, em geral, convertem energia quimica do Trifosfato de
Adenosina (ATP) em energia mecanica para gerar forca e movimento, incluindo

locomocéo, bombeamento cardiaco e movimentacdo de 6rgdos ocos. Ha trés tipos
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principais: 0 musculo esquelético, voluntario e estriado; o cardiaco, estriado e
involuntério; e o liso, involuntario e ndo estriado. A forga contratil, em todos os
casos, resulta da interacdo actina-miosina, regulada pela variacdo de calcio
intracelular. No musculo esquelético, as fibras estdo organizadas em fasciculos
envolvidos por camadas de tecido conjuntivo (endomisio, perimisio e epimisio) que
transmitem forca aos tenddes e auxiliam na protecdo mecanica (Boron & Boulpaep,
2020; Ganong, 2014; Koeppen & Stanton, 2018).

O sarcémero, unidade funcional do muasculo esquelético, é limitado pelas
linhas Z e composto por filamentos finos e grossos, cuja organizacao gera o padrao
estriado. O reticulo sarcoplasmatico, associado aos tubulos transversos (T), controla
a disponibilidade de Ca?" para a contracdo muscular. Proteinas estruturais como
titina, nebulina, miomesina e proteina C conferem estabilidade, alinhamento e
elasticidade, assegurando a eficiéncia contratii (Koeppen & Stanton, 2018;
SILVERTHORN, D. U., 2017).

O processo de contracdo muscular voluntaria se inicia no sistema nervoso
central (SNC), particularmente no cOrtex motor primario (area 4 de Brodmann), onde
0os comandos motores s&o gerados. Esses sinais descendem pela medula espinal
através dos tratos corticoespinais, especialmente o trato corticoespinal lateral, que
decussa nas piramides bulbares e sinapsa com o0s neurbnios motores alfa (a),
localizados nos cornos anteriores da medula espinal (KANDEL, E. R. & et al., 2014).

Esses motoneurdnios a transmitem potenciais de acdo ao longo de seus
axonios até a juncdo neuromuscular, onde ocorre a liberacdo do neurotransmissor
acetilcolina (ACh). A ACh se liga a receptores nicotinicos do tipo N1 na membrana
da fibra muscular, promovendo a despolarizacdo local e gerando um potencial de
acdo muscular, que se propaga pelo sarcolema e entra nos tabulos transversos (T)
(GUYTON, A. C. & HALL, J. E., 2021).

A propagacdo do potencial de acdo nos tubulos T ativa os canais de Ca2z*
dependentes de voltagem, conhecidos como receptores diidropiridinicos (DHP) que
estimulam a abertura dos receptores de rianodina tipo 1 (RyR1) localizados nas
cisternas do reticulo sarcoplasmatico (RS). Essa ativacdo promove a liberacéo
macica de ions Ca?" no citosol, elevando suas concentracdes de cerca de 100nM
para até 10uM (Boron & Boulpaep, 2020). Em teoria, essa elevacao abrupta do Ca2*
intracelular é altamente regulada e depende da integridade dos canais DHP-RyR1
acoplados mecanicamente, bem como da atividade basal das proteinas
calsequestrina, triadina e junctina que ajudam na retencédo de Ca2* no RS.

bY

O aumento do Ca?* citosOlico permite sua ligagdo a troponina C,
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desencadeando uma mudanca conformacional no complexo troponina-tropomiosina.
Esse processo libera os sitios de ligagdo da actina, permitindo que as cabecas de
miosina, previamente ativadas pela hidrolise de ATP, se liguem aos filamentos finos
de actina (ALBERTS, B. & et al., s.d.). A forca contratil depende diretamente da
concentracdo de Ca?* livre e sua remocdo eficiente apdés a contracdo € garantida
principalmente pelas bombas SERCA (Ca?*-ATPases), localizadas na membrana do
reticulo sarcoplasmatico, com auxilio de proteinas como a fosfolamban que
modulam sua atividade (Boron & Boulpaep, 2020).

O processo contratil segue o chamado ciclo das pontes cruzadas. A cabeca
de miosina, ligada ao difosfato de adenosina (ADP) e fosfato inorganico (Pi),
interage com a actina, promovendo o "golpe de forca" (power stroke) apds a
liberacdo do Pi. Em seguida, o ADP é liberado, e a miosina permanece fortemente
ligada a actina até que uma nova molécula de ATP se ligue, promovendo o
desligamento e reinicio do ciclo (BERNE, R. M. & et al., 2020; Nelson & Cox, 2021).

Esse ciclo se repete milhares de vezes por segundo durante a contracao
muscular, sem alteracdo no comprimento dos filamentos, mas com encurtamento do
sarcémero, fendmeno descrito pela teoria dos filamentos deslizantes (GUYTON, A.
C. & HALL, J. E., 2021).

Quando o estimulo neural cessa, a acetilcolina é degradada por acdo da
enzima acetilcolinesterase, encerrando a transmissao sinaptica. O Ca?* é recaptado
ativamente pelo reticulo sarcoplasmético por meio das bombas SERCA (Ca2*-
ATPases), permitindo o retorno do complexo troponina-tropomiosina a posicéo de
repouso e cessando a contracdo (ALBERTS, B. & et al., s.d.; Boron & Boulpaep,
2020). O sequestro eficiente do Ca?* intracelular é fundamental ndo s6 para o
relaxamento muscular, mas também para prevenir sobrecarga de célcio, que pode
levar a dano celular e disfuncéo mitocondrial.

A contracdo muscular depende de ATP para dissociacdo actina-miosina,
recarga da cabeca de miosina, recaptura de Ca2?* e manutencdo do potencial de
membrana. A faléncia na ressintese de ATP, como na isquemia ou na morte, leva a
rigidez cadavérica (rigor mortis), devido a permanéncia das pontes cruzadas
(GUYTON, A. C. & HALL, J. E., 2021).

O recrutamento das unidades motoras obedece ao principio do tamanho,
descrito por Henneman (Somjen et al., 1965). As unidades motoras menores que
inervam fibras tipo | sédo ativadas primeiro. A medida que aumenta a demanda de
forca, unidades maiores com fibras tipo Il sdo recrutadas sequencialmente

(KANDEL, E. R. & et al., 2014). Além disso, a frequéncia dos potenciais de acgéo
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influencia a for¢ca gerada, podendo atingir tetania em altas frequéncias (GUYTON, A.
C. & HALL, J. E., 2021)As adaptacbes neuromusculares ao treinamento resistido
seguem uma cronologia definida. Nas fases iniciais (4 a 6 semanas), predominam
adaptacdes neurais: maior recrutamento motor, aumento da excitabilidade central,
sincronizacdo entre unidades motoras e inibicdo reciproca reduzida (Kraemer &
Ratamess, 2004). Com o tempo, surgem as adaptacOes estruturais: aumento da
area de seccdo transversa, densidade de miofibrilas e sintese proteica,
especialmente em fibras do tipo Il (BERNE, R. M. & et al., 2020).

O lactato, subproduto da glicélise anaerdbia, atua como regulador do
potencial de hidrogénio (pH) e como substrato energético. Sua producdo e remocao
envolvem as isoformas dos transportadores de monocarboxilato (MCT-1 e MCT-4).
As fibras tipo Il produzem mais lactato, enquanto as fibras tipo | sdo mais eficientes
em consumi-lo, sendo esse equilibrio crucial para o desempenho fisico e
recuperacdo (Brooks, 2000). Acompanhando essas mudancas, pode haver um
aumento gradual da dor muscular, atingindo o pico 24 a 48 horas apds o exercicio.
Esse efeito € conhecido como dor muscular de inicio retardado (DMIT) (Enoka,
1996). Primeiro, a DMIT parece estar relacionada mais a uma resposta inflamatoria
do que a aparéncia de dano estrutural (L L Smith, 1991). Segundo, ganhos de forca
muscular resultantes de contragdes excéntricas parecem estar relacionados as
mudancas na ativacdo neural e ndo pelo aumento da resposta hipertrofica (Dudley et
al., 1991). Embora o papel dos mecanismos neurais no ganho de forca ndo seja
exclusivo das contragcdes excéntricas, essa acao muscular parece ser maior para

esse tipo de atividade.
1.3 TREINAMENTO RESISTIDO

O treinamento resistido (TR) é uma das formas mais antigas e eficazes de
desenvolvimento das capacidades fisicas do ser humano, tendo evoluido de praticas
empiricas para uma abordagem cientifica sistematizada. Inicialmente associado ao
levantamento de pesos em contextos militares, atléticos e culturais, o treinamento
com sobrecarga passou a ser amplamente estudado e aplicado com objetivos
diversos, que vao desde a promocdo da saude até o alto rendimento esportivo
(Fleck, 2014). Nas ultimas décadas, a consolidacao de sua base fisiolégica permitiu
o refinamento das metodologias e estratégias, tornando-se um componente
essencial nos programas de treinamento.

O TR é uma ferramenta potente para inducdo de adaptacdes morfofuncionais

no organismo humano. Diversos estudos evidenciam seu impacto positivo na forca
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muscular, no controle motor, na densidade éssea, na composi¢cao corporal e até em
parametros metabdlicos e cardiovasculares (DANTAS, E. H. M., 2013; Kraemer &
Ratamess, 2004). Além disso, a sua aplicacdo adequada respeita principios como a
individualidade biolégica, a especificidade, a sobrecarga progressiva, a
interdependéncia volume-intensidade, a adaptacdo anatdmica, a variabilidade e a
reversibilidade (BOMPA, T. O. & BUZZICHELLI, C. A., 2020; PLATONOV, V. N,,
2008).

Na periodizagdo do treinamento, (MATVEEV, L. P., 1981,
VERKHOSHANSKY, Y. V., 2000) propuseram modelos que visam otimizar o
desempenho fisico a partir de ciclos de carga e recuperacdo cuidadosamente
planejados. Essa organizacdo busca evitar 0 esgotamento neuromuscular, o
overtraining e promover a supercompensacao, sendo fundamental para atletas. O
entendimento dessas estruturas € imprescindivel para o desenho de intervencdes
gue promovam ndo apenas ganhos de forca e poténcia, mas também adaptacdo
neural, metabolica e estrutural dos sistemas envolvidos.

A complexidade do TR exige uma compreensao aprofundada das variaveis
como intensidade, volume, densidade, intervalo entre séries, velocidade de
execucdo e selecdo dos exercicios (Fleck, 2014). Cada uma dessas variaveis
interage de maneira sinérgica para produzir estimulos fisiolégicos especificos, com
impacto direto nos mecanismos de recrutamento e fadiga muscular, ativacdo das
vias de sinalizacdo celular e expressdo génica relacionada a hipertrofia e a
adaptacao funcional.

Para compreender plenamente os efeitos do TR, torna-se essencial analisar a
natureza das acdes musculares envolvidas na execucdo dos movimentos. As
contracbes concéntricas, excéntricas e isométricas apresentam caracteristicas
biomecéanicas e fisiol6gicas distintas, influenciando diretamente o tipo de adaptacéo
esperada. Cada uma dessas formas de contracdo impde demandas especificas ao
sistema neuromuscular, impactando tanto as respostas agudas quanto as
adaptacdes crbnicas ao treinamento.

Nesse contexto, €& imprescindivel aprofundar o entendimento sobre a
musculatura esquelética estriada, estrutura responsavel pelas ac¢fes motoras
voluntérias e pela producéo de for¢ca. Essa musculatura é regulada por um sistema
altamente integrado que envolve mecanismos neuroldgicos, bioguimicos e
moleculares. A compreensao dos fundamentos fisioldégicos da contracdo muscular e

suas adaptacdes ao treinamento de forca é essencial para a aplicacao préatica em
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contextos como o desempenho atlético e a reabilitacdo de individuos com deficiéncia
fisica (Boron & Boulpaep, 2020; GUYTON, A. C. & HALL, J. E., 2021).

Durante as contra¢cdes excéntricas, a carga no musculo é maior do que a
forca desenvolvida por ele, e 0 musculo € alongado, produzindo uma contracédo de
alongamento. O exercicio excéntrico é caracterizado por microlesées musculares e
maior tensdo mecanica em comparacao com contracdes concéntricas ou isométricas
e, portanto, pode resultar em maiores adaptacdes musculares. Embora todas as
formas de exercicio possam induzir adaptacdes estruturais e funcionais relevantes, o
exercicio excéntrico tem se destacado por promover respostas mais expressivas
sobre os componentes musculares e neurais (Douglas et al., 2017; Hody et al.,
2019).

As adaptacbes promovidas pelo treinamento excéntrico tém recebido
crescente atencdo na literatura cientifica, especialmente pelos seus efeitos
superiores sobre a remodelacdo estrutural e funcional das fibras musculares. De
acordo com (Andrews et al., 2025), esse tipo de estimulo promove maior adicdo de
sarcOmeros em série, aumento da rigidez dos componentes elasticos e
aprimoramento da arquitetura muscular, resultando em ganhos expressivos de for¢ca
e resisténcia ao alongamento. Essas respostas sao sustentadas por processos de
sinalizacdo celular mediados por vias como a mammalian target of rapamycin
complex 1 (mMTORC1) e a mitogen-activated protein kinase (MAPK), que coordenam
a sintese proteica e a regeneracdo tecidual. Além disso, (Franchi et al., 2017) ja
haviam demonstrado que o treinamento excéntrico favorece a hipertrofia longitudinal
e a adaptacdo dos elementos contrateis, destacando-se como uma ferramenta
essencial tanto na prevencao quanto na reabilitacdo de lesdes musculares.

Os mecanismos neurais também desempenham papel central nas
adaptacdes decorrentes do treinamento excéntrico. Conforme descrito por (Andrews
et al.,, 2025), esse tipo de estimulo contribui para aprimorar o recrutamento de
unidades motoras e otimizar a coativacao entre musculos agonistas e antagonistas,
refletindo em melhor desempenho e menor risco de lesdo. Estudos recentes
corroboram esses achados, demonstrando que intervengdes excéntricas promovem
adaptacdes neuromusculares associadas a melhora da coordenacdo e ao aumento
da tolerancia a carga mecanica (Hickey et al., 2022; Maeo et al., 2014). Essas
adaptacdes, de natureza neural e morfolégica, evidenciam a complexa interacdo
entre estimulo mecanico, plasticidade neural e remodelagéo tecidual.

(Taber et al., 2021b) exploraram os efeitos agudos de diferentes combinactes

de estratégias de carga concéntrica e excéntrica durante o supino de carga
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excéntrica acentuada. Um espectro de cargas excéntricas (100% e 110% de 1RM) e
concéntricas (30%, 40%, 50%, 60%, 70% e 80% de 1RM) foram usadas. Os autores
relataram que os efeitos da carga excéntrica acentuada dependem da combinacédo
das magnitudes de carga excéntrica e concéntrica, ja que a carga excéntrica
acentuada com 100% de velocidade concéntrica aumentada em 1RM é maior do
que com 110% de 1RM.

(Taien et al., 2018) avaliaram os efeitos do treinamento de forga maxima com
ou sem sobrecarga excéntrica sobre o impulso neural eferente, capacidade geradora
de forca e desempenho funcional. Implicando que um grupo de treinamento realizou
acdo concéntrica e excéntrica a 90% de 1RM, enquanto o outro grupo de
treinamento realizou uma fase concéntrica com 90% 1RM seguida de uma fase
excéntrica com 150%. Os autores mostraram que a sobrecarga excéntrica néo
potencializa os aumentos induzidos pelo treinamento de forca na capacidade
geradora de forca e no impulso neural eferente se o treinamento de forca for
realizado com alta intensidade e velocidade maxima pretendida na fase concéntrica.
Assim, se o0 objetivo for adaptar o treinamento mais eficaz para melhorias em RFD,
forca maxima e desempenho funcional, uma sobrecarga excéntrica pode ser evitada.
Em vez disso, treinamento de forca tradicional é altamente eficaz e pode ser
recomendada em populacdes de pacientes jovens, idosos e frageis previamente nao
treinados.

O foco na fase excéntrica durante o exercicio supino reto é sustentado por
evidéncias que demonstram uma maior capacidade de producdo de forca durante
acOes musculares excéntricas em comparacdo as concéntricas (Douglas et al.,
2017; Enoka, 1996; Franchi et al., 2017), por meio do elevado estresse mecanico
imposto ao complexo musculo-tenddo, capaz de gerar mais de 40% mais forca em
contracdes excéntricas do que concéntricas (Nuzzo et al., 2023). Essa superioridade
mecanica esta associada a fatores neurais e estruturais, incluindo maior contribuicdo
dos componentes elasticos passivos, maior eficiéncia na formacdo e manutencéo
das pontes cruzadas e menor custo metabdlico relativo (Hody et al., 2019).

No contexto do supino reto, a énfase na fase excéntrica permite o uso de
sobrecargas superiores as da fase concéntrica, potencializando adaptacdes

neuromusculares relacionadas ao aumento da forca maxima, a melhoria do controle
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motor e a estabilidade articular do complexo do ombro (Suchomel et al., 2019; Taber
et al.,, 2021b). Assim, a incorporacdo estratégica de estimulos excéntricos no
treinamento de supino reto configura-se como uma abordagem eficaz para
maximizar o desempenho e promover adaptagbes funcionais relevantes,
especialmente em populacgdes treinadas.

Uma revisdo sistematica conduzida por (Suchomel et al., 2019) apresentou
uma visao geral de quatro dos principais métodos de treinamento excéntrico: tempo
de treino excéntrico, treinamento com volante de inercia, carga excéntrica acentuada
e treinamento pliométrico. Os autores relataram que embora possam ocorrer
melhorias ao usar multiplos métodos de treinamento, os praticantes precisam estar
atentos ao estresse associado ao volume de treinamento combinado e como as
estratégias de manejo da fadiga diferem em comparagcdo com os métodos
tradicionais de treinamento para garantir que as adaptacfes desejadas ocorram.

Embora hoje haja evidéncias consideraveis sobre a importancia de altos
niveis de forca excéntrica em atividades esportivas, a questdo de como o exercicio
excéntrico deve ser integrado ao treinamento ainda é menos compreendida,
incluindo: como limitar o grau de dor muscular e fadiga de inicio tardio ap6s o
treinamento excéntrico, que tipo de treinamento excéntrico deve ser usado com seus
atletas em diferentes fases do plano de periodizacdo, e como uma variedade de
caracteristicas do atleta, como a idade, sexo, esportes e histérico de treinamento
podem influenciar o que constitui a forma ideal de treinamento excéntrico deles
(Harris-Love et al., 2021).

Assim, a incorporacdo de estimulos excéntricos bem estruturados emerge
como um componente indispensavel para o aprimoramento do desempenho atlético
e para a longevidade funcional dos praticantes de treinamento de forca. A aplicacéo
criteriosa desse método, especialmente em populacdes com necessidades
especificas, como os atletas de Powerlifting Paralimpico, pode favorecer tanto o
desempenho neuromuscular quanto a modulacdo de marcadores bioquimicos
associados ao estresse e a recuperacao, representando uma estratégia de grande
relevancia para o treinamento de forca contemporaneo (Andrews et al., 2025; Hody
et al., 2019).

O posicionamento do American College of Sports Medicine (ACSM) destaca
gue diferentes combinac¢des dessas variaveis podem ser manipuladas para otimizar

adaptacdes relacionadas a forca muscular, hipertrofia e desempenho fisico,
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respeitando o nivel de treinamento e as caracteristicas individuais dos praticantes.
Além disso, evidencia que tanto abordagens tradicionais quanto estratégias mais
avancadas podem ser eficazes, desde que fundamentadas em principios do
treinamento esportivo (Currier et al., 2026).

1.5 INDICADORES ESTATICOS DA FORCA

A forca real que um musculo pode exercer nao € apenas uma funcao do nivel
de ativacdo produzido por um comando voluntario, mas também depende da
velocidade com que o musculo muda de comprimento: a chamada "relacao forca-
velocidade" do musculo (Hill A. V., 1970). Em condi¢cdes isométricas, onde ndo ha
variacdo no comprimento muscular, é possivel avaliar de forma direta a capacidade
de geracdo de forca, minimizando interferéncias associadas a velocidade do
movimento, 0 que tem sido amplamente explorado em protocolos contemporaneos
de avaliacdo neuromuscular (Harris-Love et al., 2021). Essa relag&o constitui um dos
pilares da biomecanica muscular e permanece como base tedrica para o
entendimento do desempenho motor e das adaptacdes ao treinamento resistido
(Enoka, R. M., 2015).

Embora contracBes concéntricas fornecam a for¢a propulsora necesséria para
movimentos como correr, pular, arremessar e levantar, uma estratégia comum de
movimento humano € combinar contracfes excéntricas e concéntricas em uma
sequéncia conhecida como ciclo de alongamento-encurtamento (Komi, 1984). A
inclusédo do ciclo de alongamento-encurtamento aparece na maioria dos movimentos
sem a necessidade de treinamento especializado.

O sistema nervoso monitora o nivel de ativacdo e o torque gerado pelo
musculo, e se este torque for superado pela carga externa, ocorre uma acgao
excéntrica. A ativacdo dos motoneurdnios que inervam o musculo € independente do
tipo de contracdo (isométrica, concéntrica, excéntrica), e apenas a intensidade da
ativacdo é modulada de acordo com o torque muscular desejado (Enoka, 1996).

Uma razado pela qual o treinamento concéntrico e excéntrico pode produzir
efeitos semelhantes em comparacgéo é que o trabalho total precisa ser maior durante
o treinamento excéntrico se o nivel de intensidade for buscado para ser 0 mesmo
(Taien et al., 2018). Como a intensidade é um componente chave para melhorias

induzidas pelo treinamento de forga, uma intensidade maior sera mais eficaz
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(Heggelund et al., 2013). Isso também pode resultar em uma contribuicdo excéntrica
relativamente maior para a melhoria da forca total.

Nesse contexto, os indicadores estaticos da forca tém sido amplamente
utilizados para avaliar o desempenho neuromuscular, especialmente em populagdes
atléticas. Entre os principais indicadores destacam-se a for¢ca isométrica maxima
(FIM), a taxa de desenvolvimento de forca (TDF) e o tempo até a for¢ca isométrica
maxima (TFIM). A FIM representa a maior for¢a voluntaria que um individuo é capaz
de produzir em uma contracdo isométrica, sendo considerada um importante
marcador da capacidade neuromuscular (Suchomel et al., 2016). A TDF reflete a
capacidade do sistema neuromuscular de gerar forca rapidamente, sendo altamente
dependente de fatores neurais, como o0 recrutamento de unidades motoras, a
frequéncia de disparo e a sincronizacdo neural (Maffiuletti et al., 2016). O TFIM
fornece informacfes sobre a rapidez com que o individuo atinge seu pico de forca,
sendo um indicador da eficiéncia neuromuscular, especialmente quando analisado
em conjunto com a taxa de desenvolvimento de forca (Andersen & Aagaard, 2006;
Maffiuletti et al., 2016).

Esses indicadores estdo associados a ativacdo neural, a rigidez
musculotendinea e a arquitetura muscular. Adaptacdes ao treinamento de forca
podem promover melhorias nesses parametros, especialmente quando ha
manipulacdo adequada da intensidade e do tipo de contragcdo (Buckthorpe & Roi,
2017). Embora contragcbes dinamicas (concéntricas e excéntricas) sejam
fundamentais para o desempenho esportivo, a avaliacdo isométrica apresenta
vantagens metodoldgicas importantes, como maior reprodutibilidade e sensibilidade
para detectar alteracbes neuromusculares agudas e subagudas (Maffiuletti et al.,
2016).

Além disso, no contexto do powerlifting paralimpico, no qual o controle motor
e a estabilidade sdo determinantes para o desempenho, os indicadores estaticos
tornam-se particularmente relevantes para o monitoramento do treinamento e da
fadiga. O treinamento excéntrico tem sido associado a maiores niveis de forga
produzida com menor ativagdo elétrica muscular, o que sugere maior eficiéncia
neuromuscular em determinadas condi¢cdes (Enoka, 1996). No entanto, esse tipo de
estimulo também esta relacionado a maiores niveis de estresse mecéanico e dano
muscular, podendo impactar negativamente a TDF e o tempo de recuperacdo
(Douglas et al., 2017).

Os indicadores estéaticos da forca apresentam elevada aplicabilidade no

monitoramento da fadiga neuromuscular e na interpretacdo do estado do atleta.
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Redugbes na FIM e, principalmente, na TDF tém sido associadas a estados de
fadiga aguda e residual, refletindo alteragdes na capacidade de recrutamento neural
e na eficiéncia do sistema neuromuscular (Aagaard et al., 2002, p. 200; Maffiuletti et
al., 2016). Nesse sentido, a TDF tem sido considerada mais sensivel do que a FIM
para detectar alteracoes precoces no desempenho, especialmente em fases iniciais
da contracdo muscular (Maffiuletti et al., 2016).

O comportamento temporal da forca, representado por variaveis como o0
TFIM, pode fornecer informacdes complementares sobre a eficiéncia neuromuscular,
particularmente em acbes que exigem producdo de forca rapida (Aagaard et al.,
2002). No Powerlifting Paralimpico, onde o tempo de aplicagdo de forca €
determinante para o sucesso da tentativa, a capacidade de atingir rapidamente altos
niveis de forca pode representar um diferencial competitivo (Suchomel et al., 2016).

O uso de avaliacbes isométricas reduz a variabilidade associada a execucao
técnica e a velocidade do movimento. Isso fato é relevante no Powerlifting
Paralimpico, onde fatores como estabilidade, controle motor e adaptagdes funcionais
influenciam diretamente o desempenho. Nesse sentido, os indicadores estaticos
tornam-se ferramentas Uteis ndo apenas para avaliacdo do desempenho, mas
também para o acompanhamento das adaptacfes ao treinamento (Suchomel et al.,
2016).

No treinamento de forca, diferentes métodos podem impactar de maneira
distinta esses indicadores. Evidéncias sugerem que o treinamento excéntrico pode
promover aumentos expressivos na forca maxima, porém frequentemente associado
a maiores niveis de dano muscular e fadiga, o que pode resultar em redugbes da
TDF e aumento no tempo necessario para recuperacdo neuromuscular (Douglas et
al., 2017). Ja o treinamento tradicional, tende a promover respostas mais estaveis,
com menor perturbacdo aguda nesses indicadores (Suchomel et al., 2016).

Apesar dos avancos na literatura, ainda s&o escassos 0s estudos que
investigam de forma integrada os indicadores estaticos da forca em associa¢cdo com
outras respostas fisioldgicas, como a termorregulacdo e 0 estresse oxidativo,
especialmente em atletas de Powerlifting Paralimpico. Essa limitacdo dificulta a
compreensao abrangente das respostas ao treinamento de forca e corrobora
a ecessidade de abordagens concomitante aos aspectos neuromusculares,

mecanicos e fisioldgicos, como proposto na presente tese.
1.6 INDICADORES DINAMICOS DA FORCA

A TDF é inerentemente de grande importancia para atletas envolvidos em
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esportes que envolvem um tipo explosivo de acdo muscular. Assim, adaptacdes
concomitantes no impulso neural eferente e na RFD contratil podem ser esperadas
em resposta ao treinamento de resisténcia (Aagaard et al., 2002).

Diversos métodos levaram a importantes linhas de investigacdo na producdo
de forca excéntrica, variagdo nas estratégias de ativacdo neuromuscular baseada no
modo de agdo muscular e as adaptacées morfoldgicas diferenciais do musculo e
tenddo que resultam de acdes crénicas dos musculos excéntricos (Franchi et al.,
2017). As acbes excéntricas da musculatura esquelética geram producao liquida de
forca durante o alongamento ativo dos musculos e continuam sendo uma
curiosidade cientifica do desempenho das tarefas (Harris-Love et al., 2021).

Segundo (Enoka, R. M., 2015), a capacidade de gerar forca em diferentes
velocidades esta diretamente relacionada ao tipo de fibra muscular ativada. As fibras
do tipo |, de contracdo lenta e metabdlito oxidativo, apresentam tempos de contracdo
que variam entre 90 a 120 milissegundos (ms), sdo mais resistentes a fadiga e
eficientes para acdes sustentadas. As fibras do tipo lla, de contragdo rapida e
metabolismo misto (oxidativo e glicolitico), tém tempos intermediarios, em torno de
40 a 60 ms, enquanto as fibras tipo IIx, mais explosivas e dependentes da glicolise
anaerodbia, apresentam tempos entre 20 a 40 ms. Essas diferencas determinam a
capacidade funcional do musculo em responder a demandas especificas de forca,
velocidade ou poténcia.

Na extremidade de altas velocidades da curva forca—velocidade, apenas
unidades motoras que inervam fibras rapidas conseguem manter niveis elevados de
producéo de forga, enquanto as fibras lentas contribuem de forma limitada. Dessa
forma, o desempenho em acbes rapidas e potentes, como saltos, arremessos ou
movimentos balisticos, depende fundamentalmente do recrutamento eficiente de
fibras do tipo Il, bem como da capacidade do sistema nervoso central em elevar a
frequéncia de disparo e a sincronizacdo entre unidades motoras (Enoka, R. M.,
2015). Além da composicdo das fibras, fatores neurais como taxa de
desenvolvimento de forca (RFD), coordenacdo intermuscular e coativacéo
antagonista exercem influéncia direta sobre o formato e o deslocamento da curva.

Evidéncias experimentais indicam que a Curva Forca—Velocidade néo é fixa,
podendo ser modificada por intervengfes especificas de treinamento. Protocolos
gue enfatizam acfes rapidas, esforcos maximos ou contracfes excéntricas Sao
capazes de promover deslocamentos da curva, permitindo maior producéo de forca
em velocidades elevadas ou aumento da poténcia mecéanica. Essas adaptacdes

decorrem tanto de modificagdes estruturais, como alteragbes na arquitetura
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muscular e na rigidez dos elementos eldsticos quanto de ajustes neurais
relacionados ao recrutamento e a frequéncia de disparo das unidades motoras
(Douglas et al., 2017; Enoka, R. M., 2015; Hody et al., 2019).

Nesse contexto, a Curva Forca—Velocidade configura-se como uma
ferramenta fisiol6gica e biomecéanica essencial para compreender o comportamento
muscular frente a diferentes exigéncias mecéanicas. Sua interpretacdo envolve a
integracdo de fatores estruturais (tipos e arquitetura das fibras musculares), neurais
(recrutamento, sincronizacdo e frequéncia de ativacdo) e metodologicos (tipo,
intensidade e velocidade do treinamento), sendo particularmente relevante para o
entendimento do desempenho em modalidades de forca maxima, como o
Powerlifting Paralimpico.

O experimento classico conduzido por (Hill, A.V., 1938) permitiu a formulacdo

da equacao matematica que descreve essa relacao:

(F+a)- (V+b)=(Fo+a)-b

Onde F representa a forca exercida (carga), V a velocidade de encurtamento,
Fo a forca isométrica maxima, e a e b sdo constantes especificas das propriedades
contrateis do musculo.

A interpretacdo dessa equacdo esta fortemente ligada ao mecanismo das
pontes cruzadas entre actina e miosina: em baixas velocidades, ha tempo suficiente
para um maior niumero de pontes cruzadas formarem-se e gerarem forca; em altas
velocidades, menos pontes conseguem se formar antes da separacao, reduzindo a
forca total produzida. Assim, a equacao de Hill traduz a dinamica molecular do ciclo
actina-miosina em um modelo macroscopico de desempenho muscular, sendo
essencial para entender o comportamento da musculatura esquelética em resposta
a diferentes cargas e velocidades.

Em um dos primeiros estudos sobre esse tema, (Gonzalez-Badillo & Sanchez-
Medina, 2010) afirmaram que existe uma relacdo inseparavel entre carga relativa e
velocidade média que nos permite usar uma para estimar a outra com grande
precisao e que as velocidades alcangcadas com cada % 1RM podem diferir muito
ligeiramente devido as diferencas na velocidade de 1RM, ndo podendo ser
totalmente compreendida ou interpretada uma sem a outra.

Essa conclusao foi obtida analisando as correlagdes entre valores distintos de
1RM e a velocidade da barra durante o exercicio de supino, onde
independentemente do nivel de forca e da fase de treinamento dos individuos, o R

permaneceram estaveis, com valor total igual a 0,98.
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Um dos principais problemas enfrentados pelos treinadores de forca e

condicionamento é em razdo da quantificacdo e monitoramento da carga de

treinamento real realizada pelos atletas para maximizar o desempenho (Gonzalez-

Badillo & Sanchez-Medina, 2010). Diversas variaveis agudas de treinamento foram

identificadas para o planejamento de programas de treinamento de resisténcia como

tipo e ordem do exercicio, intensidade ou carga, niumero de repeticdes e séries e

descansos entre as séries (Kraemer & Ratamess, 2004).

Expressar a intensidade do treino como uma porcentagem do maximo de uma

repeticdo (1RM) é o método mais comum usado para ajustar a intensidade por

praticantes de forgca (Suchomel et al., 2021). A estimativa dos percentuais de

intensidade adotados durantes as sessdes de treinamento de forca sdo baseadas

em zonas de repeticdes (Baechle & Earle, 2008):
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O teste de 1RM tradicional na prescrigdo do treinamento de forga, apresenta
limitacOes praticas e metodoldgicas, sendo cada vez menos compativel com o
esporte moderno; além disso, variacdes na velocidade de movimento em diferentes
cargas permitem monitorar a forca com maior sensibilidade do que o proprio 1RM
(Loturco et al., 2026). A manipulacéo dessas variaveis molda a magnitude e o tipo de
respostas fisiologicas e, em ultima analise, as adaptacdes ao treinamento de forca
(Bird et al., 2005).

Nesse sentido, prescrever e monitorar a carga de treinamento de acordo com
a velocidade, em vez de porcentagens de 1RM apresenta uma alternativa segura, ja
gue sdo altamente modificaveis diariamente. Quanto maior a velocidade alcancada
contra uma determinada carga, maior a intensidade, e isso influenciara o efeito de
treinamento. Assim, a velocidade de movimento € um ingrediente-chave da
intensidade do treinamento.

Outro método de monitoramento do treinamento de forca € a medicdo da
velocidade de movimento, chamada de treinamento baseado em velocidade (VBT).
A VBT requer o uso de equipamentos (transdutor de posi¢do linear, unidade de
medicdo inercial, etc.) que mensurar e/ou calculem métricas como deslocamento e
velocidade da barra, tendo como principal indicador a velocidade média propulsiva
(Suchomel et al., 2021).

Com essa abordagem de treinamento, a prescricdo do exercicio se baseia na
velocidade média da primeira repeticdo e na perda maxima percentual de velocidade
a ser permitida em cada conjunto (Gonzélez-Badillo et al., 2011). Quando esse limite
percentual de perda for ultrapassado, o conjunto deve ser terminado.

Apenas aquelas repeticbes cuja velocidade concéntrica média ndo € maior
que 0,20 m/s devem ser consideradas como repeticdes maximas verdadeiras. A
medida que V1RM excede esse valor, as velocidades médias alcangadas com cada
% 1RM e as proprias cargas relativas se desviariam de seus valores reais. 1Sso
significa que, quando o V1RM nado € realmente medido, como ocorre com

frequéncia, os valores correspondentes da velocidade média a cada 1RM, assim
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como essas proprias porcentagens, podem facilmente diferir dos valores reais
(Gonzalez-Badillo et al., 2011).

Segundo (Sanchez-Medina et al., 2010), a velocidade de movimento,
expressa como velocidade propulsiva média (MPV), pode ser considerada a variavel
mais estavel para avaliacdo da forca muscular em condic@es isoinerciais e a relacéo

com o percentual de 1RM esta descrito na tabela a seguir:

Carga (%1RM) VMP (m/s)
30 1.31
35 1.22
40 1.13
45 1.04
50 0.95
55 0.87
60 0.78
65 0.70
70 0.62
75 0.55
80 0.47
85 0.39
90 0.32
95 0.25

100 0.18

Outra relacdo direta com a velocidade nos modelos de treinamento é a
resposta mecanica e metabdlica a diferentes repeticdes, o que apoia 0 uso dessa
variavel para quantificar a fadiga muscular durante o exercicio através do indice de
esforco que provavelmente envolvera um estimulo de treinamento diferente e, com
isso, adaptacdes neuromusculares diferentes (Rodriguez-Rosell et al., 2018).

No contexto do monitoramento esportivo, a carga de treinamento € o estimulo
central aplicado durante a preparacdo e competi¢cdo, servindo como o dado primario
para o controle de desempenho. Esse conceito € subdividido em carga externa, que
guantifica o trabalho fisico objetivo (como peso levantado ou velocidade de
execucao), e carga interna, que reflete as adaptacdes fisiologicas e as percep¢des
subjetivas do atleta diante do esforgo realizado.

Embora a carga interna reflita o custo agudo do treinamento, ela deve ser
distinguida dos indicadores do estado do atleta (por exemplo, fadiga ou prontidao),

gue descrevem o estado atual do atleta. Tanto as cargas internas quanto externas
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fornecem insights complementares: a carga externa reflete a dose de treinamento,

enquanto a carga interna captura a resposta a essa dose (Rebelo et al., 2026).

1.6 ESTRESSE OXIDATIVO E EXERCICIO

No final da década de 1970, (Dillard et al., 1978) descobriram que exercicios
de resisténcia aumentaram os niveis de um marcador de peroxidacado lipidica
(pentano vencido) no ar coletado em um espirdmetro, e que a suplementagédo com
vitamina E reduziu o aumento induzido pelo exercicio na producdo de pentano.
Posteriormente, (Brady et al., 1979) relataram um aumento nas substancias reativas
do acido tiobarbiturico (TBARS), um indicador de peroxidacdo lipidica, tanto no
figado quanto no musculo de ratos, como resposta ao estresse de natacdo. Neste
estudo, esse aumento no dano oxidativo dos musculos esqueléticos nao foi afetado
pelo E da dieta ou pelo selénio dietético. (Davies et al., 1982) mostraram pela
primeira vez, em um estudo in vivo, um aumento de duas a trés vezes no contetdo
de radicais livres do musculo esquelético em ratos ap0s exercicios até a exaustao.
Além disso, (Salminen & Vihko, 1983) relataram que um protocolo de treinamento de
curto prazo (trés semanas) foi suficiente para reduzir a suscetibilidade do musculo
esquelético do camundongo a peroxidacéo lipidica usando uma abordagem in vitro.

(Quintanilha & Packer, 1983) mostraram pela primeira que o0s sistemas
antioxidantes endogenos tanto do musculo cardiaco quanto do esquelético sao
plasticos e se adaptam em resposta ao treinamento de exercicios. Logo depois, 0
termo estresse oxidativo foi definido pela primeira vez como uma perturbacdo no
equilibrio pro-oxidante/antioxidante em favor do primeiro (Sies & Cadenas, 1985).

A fisiologia do exercicio frequentemente adota uma abordagem reducionista
para explicar como o desempenho pode ser direcionado aos componentes
individuais do corpo humano, como capacidade oxidativa muscular, débito cardiaco
ou ativacdo neuromuscular (Kontro et al., 2026). Ja4 a fisiologia contemporanea
reconhece a integracao de mdltiplos subsistemas interagentes, incluindo processos
energéticos, cardiovasculares, neuromusculares e de sinalizagcdo enddcrina, cada
um dos quais contribui para a resposta adaptativa (Inglis et al., 2024).

Os biomarcadores redox sdo moléculas sensiveis a redox que respondem ao
estresse oxidativo em sistemas bioldgicos e podem ser classificados em diferentes
categorias que incluem a medicdo da producdo de oxidantes, niveis de
antioxidantes, produtos de oxidacdo e o equilibrio antioxidante/pré-oxidante (Gomez-
Cabrera et al., 2021).
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Entre os principais alvos sensiveis ao redox que apoiam func¢des biolbgicas,
pode-se destacar um fator de transcricdo responsavel pela resposta antioxidante
(Nrf2); as quinases proteicas ativadas por Mitogénio (MAPKs) e as quinases
proteicas ativadas por AMP (AMPK) envolvidas na autofagia e biogénese
mitocondrial; um mediador da resposta inflamatéria (NF-kB) e o fator induzivel de
hipoxia (HIF); a enzima glicealdeido-3-fosfato desidrogenase (GAPDH), que esta
relacionada a adaptacBes metabdlicas; o fator de transcricdo nuclear Forkhead Box
Protein O (FOXO), envolvido na adaptacdo ao estresse; um fator de transcricao
nuclear que regula a apoptose (p53), e as Proteinas de Desacoplamento (UCPs),
gue regulam a energética das mitocondrias (Sies & Jones, 2020).

As principais adaptacbes em que as espécies reativas de oxigénio e
nitrogénio estdo envolvidas durante o exercicio s&do: aumento da massa
mitocondrial, defesa aprimorada contra antioxidantes e hipertrofia das miofibras.
Eles afetam a funcéo das proteinas, a atividade enzimatica, a transcricao génica e a
integridade das membranas e do genoma (Gomez-Cabrera et al., 2021).

Exercicios regulares sdo benéficos para nossa saude, no entanto, exercicios
exaustivos podem resultar em efeitos prejudiciais como danos musculares,
inflamacédo e estresse oxidativo (EO). Exercicios intensos aumentam os indices
bioquimicos de estresse oxidativo medidos tanto de forma sistémica quanto no
musculo de trabalho (Reid, 2008). Embora a literatura evidencie consistentemente a
elevacdo do estresse oxidativo associado ao esforco fisico, 0s mecanismos redox
precisos que governam a sinalizacao e as adaptacdes fisiologicas subsequentes
permanecem inconclusivos, persistindo uma lacuna na sintese sistematica sobre
como diferentes parametros de exercicio modulam a producdo de espécies reativas
de oxigénio (EROSs) (F. He et al., 2016).

O treinamento fisico sistematizado otimiza o desempenho atlético ao modular
a intensidade e a duracdo para induzir adaptagfes fisiologicas dose-dependentes,
as quais sdo mediadas por alteracdes agudas nas concentracfes de metabdlitos
intramusculares, incluindo o difosfato de adenosina (ADP), fosfato inorganico (Pi),
lactato e protons (H+) em resposta a demanda energética imposta (Inglis et al.,
2024; Kontro et al., 2026). As bases das nossas adaptacdes ao treinamento fisico
sdo provenientes do resultado do acumulo de exercicios. O organismo se adapta
alteracbes em longo prazo que ocorrem em nNOSSO COrpo como consequéncia do
treinamento.

O estresse oxidativo é definido como um desequilibrio entre a producédo de
EROs e a capacidade dos sistemas antioxidantes em neutraliza-las,
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desempenhando papel central em diversos processos fisioldgicos e patolégicos no
organismo humano (Z. He et al.,, 2021). No exercicio fisico, a geracdo de ROS
aumenta de forma aguda devido a elevacdo do consumo de oxigénio, a ativacéo
mitocondrial e a processos inflamatérios associados a contracdo muscular repetida
(Davies et al., 1982). Inicialmente, essas espécies foram associadas
predominantemente a danos celulares, incluindo peroxidacao lipidica, oxidacdo de
proteinas e alteracdes no DNA (Dillard et al., 1978).

Entretanto, evidéncias mais recentes indicam que as EROs exercem uma
dupla funcdo no muasculo esquelético, atuando tanto como agentes potencialmente
deletérios quanto como importantes mediadores de sinalizagdo celular envolvidos
em adaptacdes induzidas pelo exercicio (Powers et al., 2020). Em niveis
moderados, as EROs participam da regulacdo da biogénese mitocondrial, da
ativacdo de fatores de transcricdo redox-sensiveis e da adaptacdo funcional do
musculo esquelético ao treinamento fisico (Wang et al., 2021). Dessa forma, o
estresse oxidativo induzido pelo exercicio ndo deve ser interpretado exclusivamente
como prejudicial, mas como um componente necessario para 0 processo adaptativo,
desde que adequadamente controlado (Powers et al., 2020).

O tecido muscular esquelético caracteriza-se por uma notavel plasticidade
fenotipica em resposta a estimulos contrateis, nos quais a elevada demanda
metabodlica promove uma producdo robusta das EROs; essas moléculas, embora
instaveis devido a presenca de elétrons desemparelhados, atuam como
mensageiros secundarios cruciais na orquestracdo de vias de sinalizacdo redox-
sensiveis que medeiam as adaptagcbes musculares cronicas ao treinamento
(Steinbacher & Eckl, 2015). Uma sesséo de exercicio exaustivo demonstrou causar
danos oxidativos em individuos néo treinadas, enquanto em treinados, nenhum
efeito é observado devido ao aumento da resisténcia dessas pessoas ao estresse
oxidativo (Reid, 2008).

No treinamento, o tipo, a intensidade e o volume do exercicio fisico
influenciam diretamente a magnitude da resposta oxidativa, sendo que exercicios de
alta intensidade, como os realizados por levantadores de peso, tendem a induzir
maior producdo das EROs. Além disso, a resposta oxidativa esta intimamente
relacionada a inflamacdo aguda pds-exercicio, uma vez que células inflamatorias
recrutadas para o tecido muscular também contribuem para o aumento local de
espécies reativas (Magherini et al., 2019). Nesse sentido, 0 estresse oxidativo e a
inflamacéo atuam de forma integrada, modulando tanto o dano muscular quanto os

mecanismos de regeneracdo e adaptacédo (Wang et al., 2021).
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A resposta do musculo esquelético a exercicios excéntricos ndo habituados
tem sido amplamente estudada, mas é incompletamente compreendida (Hyldahl &
Hubal, 2014). As acGes dos musculos excéntricos sdao a principal fonte de dano
muscular durante o exercicio. Sarcoplasma, sarcolema e a matriz extracelular da
fibora muscular podem sofrer alteracdes estruturais apdés uma Unica sessao de
exercicio prejudicial. A variacdo dos niveis de CK (Creatina Quinase), LDH (Lactato
Desidrogenase), AST  (Aspartato  Aminotransferase) e ALT (Alanina
Aminotransferase) pré e pos-exercicio sdo 0os marcadores mais Uteis de leséo
muscular (Brancaccio et al., 2010).

As trés isoenzimas citoplasméticas de CK, CK-MM, CK-MB, CK-BB, sé&o
aumentadas apoOs exercicios prolongados e intensos, fazendo com que o nivel total
de CK seja até quatro vezes superior ao seu valor normal. Os niveis totais de LDH
também aumentam apds exercicios excéntricos (até duas vezes). Embora os valores
séricos de alanina aminotransferase (ALT) e aspartato aminotransferase (AST) e a
razdo AST/ALT sejam usados para diagnosticar doenca hepatica crénica, a atividade
do AST também aumenta significativamente apds esforco muscular (Brancaccio et
al., 2010). Os niveis de alguns metabdlitos, como fragmentos de titina na urina,
elevam em resposta a danos musculares induzidos por exercicios excéntricos
(Kanda et al., 2017).

O exercicio excéntrico, caracterizado pela producdo de forca durante o
alongamento ativo do musculo, apresenta particular relevancia na discussao sobre
estresse oxidativo devido ao seu elevado potencial de inducdo de microlesdes
estruturais (Davies et al., 1982). Esse tipo de contracdo esta associado a maior
estresse mecanico sobre os sarcémeros, o que favorece a disfungcdo mitocondrial
transitoria e 0 aumento da producdo de ROS no periodo pés-exercicio (Wang et al.,
2021). Consequentemente, exercicios excéntricos tendem a gerar respostas
oxidativas mais pronunciadas quando comparados a exercicios concéntricos ou
isométricos (Powers et al., 2020).

Apesar disso, a exposicdo repetida e controlada ao exercicio excéntrico
promove adaptacfes antioxidantes importantes, incluindo o aumento da atividade de
enzimas como superoxido dismutase (SOD), catalase (CAT) e glutationa peroxidase
(GPx) (Powers et al.,, 2020). Essas adaptacbes contribuem para a reducdo do
estresse oxidativo em sessbes subsequentes, fendbmeno conhecido como “efeito
protetor repetido” (Magherini et al., 2019). Assim, o exercicio excéntrico, quando
adequadamente prescrito, pode atuar como estimulo eficaz para o fortalecimento da
capacidade antioxidante e para a melhora da fun¢cdo muscular, reforcando o carater
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adaptativo e benéfico do estresse oxidativo induzido pelo exercicio fisico (Wang et
al., 2021).

Embora os sistemas antioxidantes endogenos sejam modulados pelo esfor¢o
fisico, a administracdo de compostos exdgenos (vitaminas C, E e carotenoides) via
suplementacdo tem sido questionada quanto a sua interferéncia nas respostas
adaptativas (Steinbacher & Eckl, 2015). A indu¢é@o de enzimas de defesa enddgena,
incluindo a superdoxido dismutase manganés-dependente (Mn-SOD), zinco-
dependente (Zn-SOD) e a glutationa peroxidase (GPX) é dependente do estresse
oxidativo transitério gerado pelo exercicio, sendo este processo adaptativo essencial
para a homeostase metabdlica e saude sistémica bloqueado pela ingestdo crénica
de antioxidantes exdgenos (Ristow et al., 2009; Steinbacher & Eckl, 2015).

Ha grande interesse da pesquisa voltada ao esporte na identificacdo de
biomarcadores para avaliar saude, desempenho, recuperacdo durante o treinamento
de exercicios e sobre treinamento (Lee et al., 2017). Entre os diferentes conjuntos
de biomarcadores que podem ser determinados na populagéo esportiva para realizar
sua avaliacdo, podemos incluir o seguinte: (i) nutricdo e saude metabdlica
(macronutrientes e micronutrientes metabolismo), (i) status de hidratacao
(osmolaridade plasmatica e sédio, sede, creatinina), (iii) status muscular (IGF-1,
testosterona, deshidroepiandrosterona, aminoacidos, marcadores de dano
muscular), (iv) parametros de resisténcia (ferritina, transferrina, hemoglobina), (v)
status de leséo e risco (proteina B que liga calcio S100, densidade mineral éssea), e
(vi) inflamacgédo (interleucinas, proteina quimioatraente de mondcitos, proteina C-
reativa) (Gomez-Cabrera et al., 2021).

Em suma, o estresse oxidativo induzido pelo exercicio fisico representa uma
resposta fisiolégica necessaria para adaptacbes celulares, e seu carater
potencialmente prejudicial ou benéfico depende do balanceamento entre producao
de ROS e capacidade antioxidante. No exercicio excéntrico, esse balanceamento &
particularmente desafiador devido ao elevado estresse mecanico inicial, mas
também altamente eficaz em promover adaptacfes antioxidantes quando aplicado

de forma progressiva e controlada (Powers et al., 2020; Wang et al., 2021).

1.7 QUESTOES EM ESTUDO

As problematicas que a presente investigacdo se propde a esclarecer sdo as
seguintes:

Quais os efeitos de diferentes métodos de treinamento de forga (tradicional e
excéntrico) sobre indicadores de forca estéatica (forca isométrica méaxima e tempo
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para alcancar a forga isométrica maxima), ativagdo muscular e temperatura da pele
em atletas de powerlifting paralimpico?
Quais os efeitos agudos do treino tradicional e excéntrico na temperatura da

pele e desempenho neuromuscular em atletas de powerlifting paralimpico?

Quais os efeitos do treinamento excéntrico na modulagcdo do estresse

oxidativo e na melhoria da performance em atletas de powerlifting paralimpico?

1.8 ORGANIZACAO DA TESE

Considerando o volume de dados coletados, o0 numero expressivo de
variaveis analisadas e, principalmente, a heterogeneidade das questdes
previamente delineadas, decidiu-se estruturar a presente tese em trés estudos
distintos e complementares, possibilitando responder de forma abrangente as

problematicas propostas na ordem a seguir:

O estudo 1: AVALIACAO DA FORCA, TEMPERATURA DA PELE E
ATIVACAO MUSCULAR NO TREINAMENTO TRADICIONAL E EXCENTRICO EM
ATLETAS DE LEVANTAMENTO DE PESO PARALIMPICO;

O estudo 2: EFEITOS AGUDOS DO TREINAMENTO EXCENTRICO
VERSUS O TREINAMENTO TRADICIONAL NA FORCA ISOMETRICA, POTENCIA
E TERMORREGULACAO EM ATLETAS PARALIMPICOS DE LEVANTAMENTO
DE PESO;

O estudo 3: EFEITO DO TREINAMENTO EXCENTRICO NA MODULACAO
DO ESTRESSE OXIDATIVO E NA MELHORA DO DESEMPENHO EM ATLETAS
PARALIMPICOS DE LEVANTAMENTO DE PESO.

Dessa forma, o segundo capitulo apresenta uma revisdo dos estudos ja
realizados na area, organizada segundo a estrutura convencional dos artigos
cientificos, contemplando as se¢des de Resumo, Introducdo, Metodologia,

Resultados, Discussdo e Conclusoes.

Por fim, no capitulo final desta Tese sdo expostas as conclusbes gerais,
alinhadas as questbes centrais da investigagdo, bem como as potenciais

implicacfes praticas e as perspectivas para futuros estudos.

1.9 OBJETIVOS



43

Objetivo geral:

Investigar os efeitos agudos e subagudos do treinamento de forca tradicional
e excéntrico sobre respostas neuromusculares, termorregulatérios e oxidativas em

atletas de powerlifting paralimpico.

Objetivos especificos:

OBJETIVO 1: Avaliar os efeitos de diferentes métodos de treinamento de
forca (tradicional e excéntrico) sobre indicadores de forca estatica (forca isométrica
maxima e tempo para alcancar a forgca isométrica maxima), ativacdo muscular e
temperatura da pele em atletas de Powerlifting Paralimpico.

OBJETIVO 2: Analisar os efeitos agudos de diferentes métodos de
treinamento de forca sobre a forca isométrica maxima, a temperatura da pele, a
velocidade maxima, a variabilidade da velocidade e a poténcia mecanica em atletas
de Powerlifting Paralimpico.

OBJETIVO 3: Avaliar os efeitos dos métodos de treinamento tradicional e
excéntrico sobre biomarcadores de estresse oxidativo e indicadores de desempenho

fisico em atletas de Powerlifting Paralimpico.
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2 ESTUDOS REALIZADOS

ARTIGO 1

AVALIACAO DA FORCA, TEMPERATURA DA PELE E ATIVACAO
MUSCULAR NO TREINAMENTO TRADICIONAL E EXCENTRICO EM ATLETAS
DE LEVANTAMENTO DE PESO PARALIMPICO.
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Evaluation of strength, skin

temperature and muscle activation
in traditional and eccentric training
in Paralympic Powerlifting athletes

Joilson Alves de Souza Leite JUnior%?, Felipe J. Aidar%3*, Jainara Lima Menezes®*,

Paulo Francisco de Almeida-Neto®, Breno Guilherme de Araujo Tinoco Cabral®,

Ana Filipa Silva®7:, Filipe Manuel Clemente®, Georgian Badicu®, Fatma Hilal Yagin1®*,
Ciro José Brito'?, Rapahel Fabricio de Souza'%3, Hadi Nobari'? & Abdullah F. Alghannam?3

Paralympic Powerlifting (PP) is a maximum strength modality, where male athletes demonstrated
greater relative and absolute strength compared to conventional powerlifting. This study aimed to
assess the acute effects of traditional training (TT) and eccentric training (ET) methods on Maximum
Isometric Strength (MIF), Time to Maximum Isometric Force (Time), Muscle Activation (SEMG),

and Skin Temperature (Thermo) in twelve male PP athletes (mean age 30.25 +8.13; body weight

72.36 +18.47). The training consisted of 5 sets of 5 repetitions (5 x 5), with 80% 1RM in the TT method
and in the ET 80% was adopted in the concentric phase and 110% in the eccentric phase, adopting

a minimum rest of 3 min between sets and the cadence used was approximately 2 s in the eccentric
phase and 1 s in the concentric phase for the ET and 1 s in each phase for the TT. Athletes competing
nationally and internationally underwent Thermo, Time, and MIF assessments during TT (80%-1RM for
both concentric and eccentric phases) and ET (80%-1RM concentric and 110%-1RM eccentric) at pre-
training, post-training, 24 h, and 48 h. sSEMG was evaluated in the clavicular portion of the pectoralis
major (PMCP), sternal portion of the pectoralis major (PMSP), anterior Deltoid (AD), and Triceps Brachii
(BT) during the final series (5 sets of 5 repetitions) of a training session. Athletes exhibited thermal
differences in the PMCP muscle at 24 h between TT and ET (p=0.020); Also, after the first 24 h, the AD
showed differences between ET and TT (p=0.016) and BT demonstrated differences between ET and TT
(p=0.028). The sEMG showed no significant differences between TT and ET (p>0.05). The MIF displayed
differences after 48 h between TT and ET (p=0.004). The time showed no significant difference
betweenTT and ET (p>0.05). In conclusion, muscles involved in the bench press exhibited a significant
increase in skin temperature with the ET method compared to TT, suggesting greater muscular fatigue.
Furthermore, a higher MIF production was observed after the application of the TT in relation to ET,

48 h after training. In the ET, a lower MIF was observed than in the TT, indicating greater fatigue in this
type of training.

Keywords Paralympic Powerlifting, Muscle strength, Strength training, Surface electromyography,
Thermography

Abbreviations

1RM 1 Repetition maximum
AD Anterior deltoid

BT Brachii triceps

CP Conventional powerlifting
TT Traditional training

ET Eccentric training

MIF Maximum isometric force
PP Paralympic Powerlifting

PMCP  Pectoralis major clavicular portion
PMSP Pectoralis major sternal portion
sEMG  Surface electromyography

Therm  Skin temperature
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Time Time until maximum isometric force
WPPA  World para powerlifting

MVIC  Maximum voluntary isometric contraction
RMS Mean square
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Paralympic Powerlifting (PP) is a muscular strength modality, divided by body weight category, adapted from
Conventional Powerlifting (CP), in which the athlete only performs the bench press movement'. This movement
is done with the lower limbs extended over the bench and can be fixed by straps for eligible deficiencies'.
Paralympic world record holders demonstrated greater strength (relative and absolute) when compared to
conventional ones in six of the eight weight categories for men. Hence, the results of Paralympic athletes were
better, presenting greater strength when compared to conventional athletes?. The mechanisms underlying the
superior strength of Paralympic powerlifting (PP) athletes compared to conventional powerlifting (PC) athletes
have not yet been fully elucidated. Data indicate that PP athletes outperform PC athletes in six out of eight body
weight categories®, although the biomechanical and physiological bases of this performance remain unclear.
Resende et al.* investigated the effects of warm-up in Paralympic athletes and found that, even in the absence of
prior warm-up, these individuals exhibited strength levels comparable to those recorded after structured warm-
up. The authors suggested that the continuous use of wheelchairs or crutches as a means of locomotion imposes
a constant demand on the upper limb musculature, with movement patterns partially analogous to the bench
press, acting as a natural warm-up and enhancing neuromuscular readiness for the sport. Thus, the greater daily
functional demand on the involved muscles, associated with the aforementioned modes of locomotion, may
promote specific neuromuscular adaptations in PP athletes, contributing to superior strength gains compared
to PC athletes.

Although the execution of PP is similar to that of CP, there are possible disparities between the training
methods used by the athletes®. These muscle strength training, used in the preparation of CP and PP, have been
shown to be effective in improving performance in competition®®. The training model used plays an important
role in periodization. Among the most researched methods for gaining strength, the traditional training method
(TT)”® and the eccentric training method (ET)*!°. The TT model consist of 1 to 5 repetitions with a heavy
load regimen that normally increases strength!! (80% to 100% of 1 Repetition Maximum (1RM)). However, the
magnitude of the eccentric load tends to influence performance responses!?. Although heavy loads are necessary
to achieve maximal gains in isotonic strength, lighter loads also promote substantial increases in this outcome!2.
In the same direction, it was observed that eccentric training would improve muscle mechanical function and
provide morphological and architectural adaptations of the muscle-tendon unit. Thus, eccentric loads would be
superior to traditional training in terms of strength, power and speed!?.

In the context of Paralympic powerlifting, the choice of training methods is pivotal for athletic performance.
The TT, emphasizing concentric contraction, has demonstrated benefits in enhancing muscle strength and
power!!l. Conversely, the ET, focusing on the muscle lengthening phase, has proven effective in promoting
strength gains, particularly in athletic populations'*. Given the specificity and complexity of the bench press
in Paralympic Powerlifting, leveraging different training methods may yield advantages, optimizing strength
gains. Given the absence of a consensus on the most effective training method for athlete preparation, this
study is aimed to evaluate the effects of different strength training methods (traditional and eccentric) on static
strength indicators (maximum isometric force and time to maximum isometric force), muscle activation, and
skin temperature in Paralympic Powerlifting. Our hypotheses were that eccentric training would promote higher
skin temperature (I), lower static strength indicators (II), and greater muscle activation than traditional training
(I10).

Methods
The studied population was made up of Paralympic Weightlifting athletes from the Federal University of
Sergipe—Brazil. At the beginning of the training season, the athletes were invited to participate in a meeting,
where they explained: the research, the evaluations, the expected benefits, the ethical considerations and any
doubts that may exist.

Inclusion criteria required athletes to provide supporting documentation confirming their classification in
the competition. To be eligible, athletes needed to be in the top ten in their respective categories, have at least 1

Scientific Reports |

(2025) 15:25900 | https://doi.org/10.1038/s41598-025-10530-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

year of competitive experience, have participated in at least one national-level competition in the previous year
and commit to participating in the study. Exclusion criteria included refusal to participate and the presence
of motor limitations or comorbidities that prevented involvement in the planned evaluations. All pre-selected
individuals were submitted to anamnesis to determine their characteristics.

The assessments were carried out over 3 weeks to assess the acute effects of each training method. During
the initial week, a familiarization session was held, including collecting the athlete’s weight and performing
the 1RM test. In the second and 3rd weeks, data collection took place between 9 am and 12 pm, maintaining a
room temperature of 25 °C, according to the availability of the subjects. Measurement of Maximum Isometric
Force (MIF), Time until Maximum Isometric Force (Time), Skin Temperature (Thermo) and Muscle Activation
(sEMG) were acquired for traditional and eccentric training methods, during a single exercise session training.
The athletes demonstrated proficiency in training at intensities greater than 80%, employing a variety of training
methods in their annual preparations.

During the TT method, a fixed overload of 80% of 1RM was used in the concentric and eccentric phases
throughout the movement, as described by Austin and Mann’. For the ET method, concentric overload of 80%
of 1RM and eccentric overload of 110% of 1RM were used, as described by Taber et al.1% where in this method
a system was adapted for the end of the eccentric phase of the movement. The intervention consisted of 5 sets
of 5 repetitions (5X5), with a minimum rest between sets of 3 min and an approximate cadence of 1 s in the
concentric phase and 2 s in the eccentric phase. As the weight touched the ground and an additional load of
30% was removed from the bar, thus remaining 80% for the concentric phase of the movement. During training
sessions, athletes received verbal encouragement to perform their maximum effort. The sSEMG was performed in
the last series of each training method. The Thermo, MIF and Time were performed moments before, after, 24 h
and 48 h of the procedure, as shown in Table 1.

Sample

In the first stage, individuals received the guidelines relevant to the study and fully complied with the ethical
guidelines established in Resolution 466/12 of the National Health Council, which regulates standards for
carrying out research on human beings. When agreeing to participate, they signed the Free and Informed
Consent Form, approved by the Research Ethics Committee of the Federal University of Sergipe—CAAE:
2,637,882, according to resolution 466/2012 of the National Research Ethics Committee, of the National Health
Council, in accordance with the Declaration of Helsinki, guaranteeing the protection of the rights, well-being
and dignity of research participants.

Instruments and procedures

To collect body mass, the athletes remained seated on the Micheletti electronic wheelchair scale (Mic Wheelchair
Model) of the digital electronic platform type (Micheletti, Sio Paulo, Brazil), which has a maximum capacity
of 300 kg. For the bench press exercise: a bench, bar and powerlifting bench press clip were used from official
competitions homologated by the WPPO (Eleiko Sport AB, Halmstad, Sweden)®.

Maximum load determination
To determine the load, the 1 Repetition Maximum (1RM) test was performed on the bench press, using official
equipment, where each athlete used a load to perform only one repetition, with an increase or decrease of 2.4 to
2.5% of the load until reaching 1RM, with an interval of 3 to 5 min for recovery between sets*.

At the beginning of each test day, the athletes performed a prior warm-up for the muscles involved in the
movement with three sets of 10 to 20 repetitions followed by a specific warm-up on the bench press with 30% of
the load for 1RM with 10 slow repetitions followed by 10 fast repetitions'.

Maximal isometric force (MIF) and time until maximal isometric force (Time)
Measurements of maximum isometric force (MIF) and time until maximum isometric force were determined by
a Chronojump load cell (Chronojump, BoscoSystem, Barcelona, Spain) Mendonga!®, with a capacity of 500 kg,

Weeks Day 1 Day 2 Day3 Other days
Before, after | 24 h 48 h Rest

Week 1

(Familiarization)

1RM, MIF, Time, Thermo e SEMG | >

]F.,
]F.,
]F"

Before, after | 24 h 48 h Rest
Week 2
(Tradicional Training)
MIF, Time, Thermo e sEMG K ) [ ) [ )

Before, after | 24 h 48 h Rest
Week 3
(Eccentric Training)
MIE, Time, Thermo e sSEMG > @ [ ) [ ]

Table 1. Experimental drawing—Weekly test schedule. 1RM, One Repetition Maximum; MIF, maximum
isometric force; Time, time until maximum isometric force; Thermo, Temperature skin; SEMG, Muscle
activation. The tests were carried out using the bench press exercise a homologated by the WPPO!.
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output impedance of 350 +3(), insulation resistance greater than 2000 cc, input impedance 365+5 (), 24-bit
analog to digital converter, 80 Hz. Spider HMS Simond carabiners (Simmond, Chamonix, France) were used to
fix the equipment on the bench, with breaking load of 21 KN, (UIAA). To fix the load cell to the bench, a steel
chain with a breaking load of 2300 kg was used. A perpendicular distance between the load cell and the center
of the bench was used as a reference!”!8,

Maximum isometric strength (MIF) and Time until Maximal Isometric Force (Time), was determined by
the maximum strength of the upper limbs, and an elbow angle close to 90° was maintained, and at a distance
of 15 cm from the bar to the chest. Athletes were instructed to make a single maximum movement (as fast as
possible). The fatigue index (FI) was determined in the same way as the MIF, where the athletes maintained the
maximum contraction for 5.0 s'°.

The MIF was measured by the maximum force generated by the muscles of the upper limbs during the
bench press exercise!. The MIF is determined in Newtons (N) by the formula N= (M) x (C), where M = mass
in kg and C=9.80665, measured between the load cell cable attachment point and the bench press. For the
isometric test, the elbows were positioned at an angle close to 90°, and the angle was checked using a pendulum
fleximeter model FL6010 (Sanny, Sdo Bernardo do Campo, Brazil). The athletes were instructed to perform a
maximum movement, seeking to extend their elbows with maximum speed, to evaluate the MIE. The athletes
had to maintain the maximum contraction for 5 s to evaluate the time until MIF'718,

Surface electromyography (SEMG)
The electromyographic signals were captured using simple electrodes (MAXICOR—Shanghai Intco Electrode
Manufacturing Co Ltd, China) fixed to the skin after shaving and cleaning it with alcohol. The electrodes (11 mm
contact diameter and 2 cm center-to-center distance) were positioned in the arrangement of the muscle fibers,
two centimeters from the center, at the point of greatest muscular area of the pectoralis major muscles, sternal
and clavicular portions, anterior deltoid and long head triceps brachii, with the reference electrode fixed to the
olecranon, as recommended by SENIAM (Surface Electro Myo Graphy for the Non-Invasive Assessment of
Muscles)?°.

The equipment used for recording and analyzing muscle biopotentials was a MIOTEC electromyograph with
8 channels (MIOTEC, Porto Alegre, RS, Brazil). Data were high-pass filtered with a frequency of 20-500 Hz and
anotch of 60 Hz. The calculation of the signal amplitude was performed using the root mean square (RMS), with
a window of 100 RMS, with normalization by percentage of maximum voluntary isometric contraction (MVIC),
considering the beginning and end of the movement.

The signal normalization was performed before the test in each target muscle, with the determination
of MVIC through the execution of 1RM isometric bench press, lasting 6 s. The MVIC values obtained were
recorded in the electromyography software and used for normalization®!°.

Thermography (Thermo)

To collect the thermographic image, a room was prepared with artificial lighting, temperature controlled by
air conditioning and hygrometer (HM-01; HIGHMED, USA), with a temperature of around 24 °C and relative
humidity of around 50%°2!.

To obtain the thermograms, the athletes remained seated, did not make sudden movements and were
instructed not to perform vigorous physical activity in the last 24 h, not to consume alcohol or caffeine and
not to use any type of cream or lotion on the skin up to 6 h before evaluation??. The images were obtained with
a thermal camera (Seek Thermal Compact Pro, Moscow, Russia) (Fig. 1), with a resolution of 320 x 240 pixels
and a temperature range of —4 to 330 °C, at a distance of 0.91 m to 5.48 m from the athlete. The body regions of
interest were the pectoralis major, sternal and clavicular portions, anterior deltoid and long head of the triceps
brachii®>!>. The region of interest evaluated was the anterior and posterior faces of the trunk and arms?? (Fig. 2).

Statistical analysis

The descriptive statistics were performed using measures of central tendency, mean (X) + Standard Deviation
(SD) and 95% confidence interval (95% CI). To check the normality of the variables, the Shapiro-Wilk test was
used, considering the sample size. Data for all analyzed variables were homogeneous and normally distributed. To
evaluate performance, two-way ANOVA within repeated measures was used?! was performed, with Bonferroni
Post Hoc, in two conditions (TT and ET), and at four moments (before, after, 24 h and 48 h), considering the
values: low effect (<0.05), medium effect (0.05 to 0.25), high effect (0.25 to 0.50) and very high effect (>0.50).
For the t test, an effect size (Cohen’s d) was considered, adopting the values: low effect (<0.20), medium effect
(0.20 to 0.80), high effect (0.80 to 1, 20) and very high effect (> 1.20))?>. The statistical treatment was performed
in SPSS, version 22.0 (IBM, Armonk, NY, USA). The significance level adopted was p <0.05.

The sampling power was calculated a priori using the open software G*Power version 3.1.9.6 (University of
Kiel, Germany), with the “F family (ANOVA)” considering a standard f=0.8, a <0.05, 1 —$=0.80. Hence, it was
possible to estimate a sampling power of 0.88 for a minimum sample of twelve subjects per group, suggesting
that the study has statistical strength to answer the research®. This can be confirmed from the partial mean values
of Eta squared (n2p=0.425) found and classified as a high effect?*.

Results

The sample consisted of 12 male athletes with national and international participation representing the Brazilian
Paralympic Committee and the World Para Powerlifting (WPPO)', aged 30.25 + 8.13 years, meeting our inclusion
criteria and successfully completing all specified tests. The sample characteristics are detailed in Table 2, using
descriptive statistics with mean and standard deviation for each variable.
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Fig. 2. Tllustration of the regions of interest (ROI) in the thermal images acquired.

Figure 3 presents the results of muscle activation through surface electromyography (SEMG) (A) Peak and
(B) Average, of different muscle groups.

There was no difference between muscle electrical activity (EMG) in different muscles in relation to
Traditional and Eccentric Training (p > 0.05).

Figure 4 shows the results of skin temperature (Thermo) in the muscles (A) Pectoralis Major Sternal portion,
(B) Pectoralis Major Clavicular portion, (C) Anterior Deltoid, and (D) Brachii Triceps, in the moments before,
after, 24 h and 48 h.

(A) There was a difference in Eccentric Training, at the Before moment related to the 24-h period (“a”
p=0.022; an increase of 2.17 °C; 6.28%) and related to the 48-h period (“b” p=0.030; the increase of 2.08 °C;
6.05%; n2p=0.177, Medium Effect). (B) There was a difference in Eccentric Training between the Before and
24-h moments (“a” p=0.011; the increase of 2 °C; 5.71%) and 48 Hours (“b” p=0.049; the increase of 1.92 °C;
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Variables Value

Age (years) 30.25+8.13
Experience (years) 5.92+1.37
Body weight (Kg) 72.36+18.47
1RM test in bench press (Kg) | 125.00+37.83
1RM/Body weight 1.74+0.31

Table 2. Characterization of the sample. RM, repetition maximum in bench press. Values expressed as mean
and standard deviation.
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Fig. 3. The muscle electrical activity through surface electromyography (SEMG) (A) Peak and (B) Average, of
the different muscle groups. Legend: Pectoralis Major Sternal Portion (P. Sternal), Pectoralis Major Clavicular
Portion (P. Clavicular), Anterior Deltoid (Deltoid), Triceps Brachii, Long Head (Triceps). Values represented by
mean and standard deviation.

5.49%; n2p = 0.192, Medium Effect). There was also a difference in the 24-Hour Moment between Eccentric and
Traditional Training (“*” p=0.020; the increase of 1.58 °C; 4.52%; n2p =0.213, Medium Effect). (C) There was a
difference in Eccentric Training between the Before and 24-Hour moments (“a” p=0.012; the increase of 1.83 °C;
5.21%; n2p =0.202, Medium Effect). There was also a difference in the 24-Hour Moment between Eccentric and
Traditional Training (“*” p=0.016; the increase of 1.58 °C; 4.50%; n2p =0.228, Medium Effect). (D) There was
a difference in Eccentric Training between the Before and After moments (“a” p=0.014; the increase of 1.08 °C;
3.27%;) and 48 h (“b” p=0.028; the increase of 1 0.33 °C; 3.99%; n2p=0.421, High Effect). Also, there was a
difference in the 24-Hour Moment between Eccentric and Traditional Training (“c” p=0.028; the increase of
1.08 °C; 3.24%; n2p =0.143, Medium Effect).

The Fig. 5 shows the results of (A) Maximum Isometric Force (MIF) and (B) Time until Maximum Isometric
Force (Time), in the moments before, after, 24 h and 48 h later.

(A) There was a difference in Traditional training, between the moments before and after (“a” p=0.003;
reduction of 120.37N; —19.36%;), between the moments after and 48 h (“b” p=0.002; increase of 159.20N;
20.38%;) and between 24 and 48 h (“c” p=0.005; increase of 129.34N; 16.56%;). In Eccentric training, there were
differences between the moments before and after (“d” p =0.001; reduction of 137.19N; —23.45%;) and between
after and 48 h (“¢” p=0.034; increase of 85 0.52N; 12.75%; n2p = 0.494, High Effect). There were also differences
at the 48-h time point between Traditional and Eccentric training (“*” p=0.004; The TT was greater than the
ET at 110.50N; 14.15%; n2p=0.360, High Effect). (B) There was no difference in relation to Time until MIF
(p>0.05).

Discussion

The objective of this study was to evaluate the acute effects of different strength training methods (traditional
and eccentric) on static strength indicators (maximum isometric force and time until maximum isometric force),
muscle activation and skin temperature in athletic athletes Paralympic Powerlifting, after 3 weeks of traditional
training (80% of 1RM) and eccentric training (110% of 1RM).

Corroborating our hypothesis I, an increase in Thermo was observed 24 h after Eccentric training (3.27-
6.28%), in addition to an increase in Thermo among the training methods evaluated (3.24-4.52%) during the
bench press. These elevations in Tsk in athletes identify a systemic inflammatory response following training
methods. In relation to our hypothesis II, a reduction in strength was found in the initial phase (—19.36%),
followed by an increase in the final phase (20.38%) of traditional training. Likewise, in relation to eccentric
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Fig. 4. Skin temperature in the muscles (A) pectoralis major sternal portion, (B) pectoralis major clavicular
portion, (C) anterior deltoid, and (D) Brachii Triceps, in the moments before, after, 24 h, and 48 h. Values
represented by mean and standard deviation.
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Fig. 5. (A) Maximal isometric force (MIF) and (B) Time until maximum isometric force (Time), in the
moments before, after, 24 h and 48 h later. Values represented by mean and standard deviation.

training, there was a reduction in the initial phase (-23.45%), followed by an increase in the final phase
(12.75%). However, no significant difference was observed in relation to Time. In relation to our hypothesis III,
although the Deltoid was requested more during the movement, no statistical difference was observed in muscle
activation between the training methods evaluated.

Thermography
The infrared thermography allows qualitative and quantitative analyzes to be carried out, identifying regions of
hyperthermia/hypothermia, which contributes to the assessment of the athlete’s physical state. This physiological
process is associated with heat transfer by methods such as convection, conduction, radiation and evaporation?®.
This condition differs from biochemical markers, such as creatine kinase, which do not determine the anatomical
location of the site that presents the greatest inflammatory process®2. It is known that the more vascularized the
injured area, the faster the healing will be, compared to poorly vascularized areas.

In the Eccentric training method, an increase in Thermo was observed after 24 h in all muscles evaluated,
remaining increased until 48 h after training in the pectoralis major muscle, sternal portion, which indicates
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changes in blood flow in the areas of interest. Thus, changes in skin temperature occurred after exercise in
the muscles studied, indicating a systemic inflammatory response?. These changes occurred mainly 24 h
after exercise, as demonstrated by Dindorf?® who observed that in this 24-h period the subjects’ temperature
returned to its initial state, reporting uncertainties in the temperature for the 48-h period. Our study investigated
these changes within 48 h, as according to Stewart” this is the moment when the increase in Thermo arrives.
The increase in temperature in the 24 h and 48 h post-exercise may reflect a delay in the anti-inflammatory
response!®. These differences in thermoregulatory processes may occur because trained individuals delay the
increase in Thermo®®. Hence, the muscle recovery process tends to increase Thermo up to 96 h after exercise,
especially after high-intensity exercise®.

The eccentric training promoted an increase in Thermo in up to 24 h in the muscles involved, compared
to Traditional training. While increases in blood flow and skin temperature are indicators of muscle fatigue,
measurable Thermo is linked to thermoregulatory effects such as skin blood flow or sweat gland activity?®. This
would be justified by the greater stimulation of vasoconstrictor responses, controlled by the adrenergic nerves
of the sympathetic nervous system and modulated by the action of noradrenergic neurotransmitters®2. Intense
exercise tends to induce an initial decrease in body temperature, followed by a subsequent increase due to the
resulting inflammatory process. This thermal variation was discussed by Neves?, who suggests that, while the
temperature rise is generally attributed to local inflammation, it may also be associated with the application of
a localized vascular stimulus. This stimulus, in turn, could trigger a systemic endothelial adaptation. However,
the direct relationship between this adaptation and the delayed temperature increase still requires further
investigation to be fully understood.

Another explanation that can be found about the effect of ET in relation to TT is the load used, reaching a
30% difference in 1RM in the overload used in the methods, which could play an important role in directing
blood flow. In this sense, elevations of pro-inflammatory cytokines are observed immediately after eccentric
muscle injury, while circulating levels of C-reactive protein have been demonstrated uniformly at the time point
24 h after exercise?®. Furthermore, measuring Tsk in individuals who use a wheelchair to move around during
the assessment is difficult, making a true resting point difficult*.

Surface electromyography

Our study found no significant differences in EMG activity between the performed training methods. Although
greater muscle activity was observed in the anterior deltoid (AD) muscle, the difference was not statistically
significant (p>0.05).

The sEMG allows estimating which muscles are predominantly involved in the kinetics of a specific
movement®. A similar non-significant finding was reported by Gottschall*’, who compared sEMG in various
muscles during bench press and push-up exercises in beginner and advanced subjects. In their study, the
authors reported that the anterior deltoid exhibited lower SEMG during the bench press, aligning with our
non-significant result. Likewise, Alizadeh®!, in an investigation of sex-related sSEMG during push-up and bench
press exercises, found lower SEMG during the eccentric phase of the bench press movement, without statistical
significance. In a separate study, Mendonga'® compared sEMG in Paralympic Powerlifting athletes, observing
a significant difference in the anterior deltoid muscle, however, this analysis involved partial repetitions. The
direct relationship with muscle engagement during the bench press exercise is attributed to the high motor unit
recruitment observed during the training session. This response occurs due to the demand for maximal force
generation in lifts performed with loads exceeding 80% of 1RM.

Maximal isometric force and time

As for MIF in Traditional training, there was a reduction in strength in the initial phase, followed by an increase
in the final phase. This finding is widely described in the literature as a response after a training session. In
relation to Eccentric training, there was a reduction in the initial phase, continuing up to 48 h after the procedure.
Qualitative and quantitative changes in tendon tissue that may be related to the magnitude of imposed stretch
have also been reported with Eccentric training. The inclusion of eccentric loads appears to be superior to
traditional training in the improvement associated with strength, power and speed performance!?.

The eccentric training showed an increase in MIF 48 h after the procedure. Other studies observed that MIF
would be associated with range of movement!® and pointed out that wider movements would induce greater
fatigue, with greater loss in maximum isometric strength. It was also observed that the use of variable resistance
(elastic bands) tends to promote greater loss of strength and increase fatigue in Paralympic Powerlifting athletes®.
These findings corroborate ours, where athletes showed an increase in strength indicators in the TT method in
relation to the ET method, indicating that the subjects continue to feel fatigue even after training.

The strength is supported by a combination of morphological and neural factors, including area motor
unit recruitment, speed coding, motor unit synchronization, and neuromuscular inhibition. Traditional and
Eccentric training can produce strength and power benefits, which may vary according to training time, type of
muscle fiber and athlete’s genetics. In our study, no significant difference was observed in relation to Time until
Maximum Isometric Force (p>0.05). A decrease in strength following a maximal training session is expected
due to the mechanical stress induced by muscle contractions. In our study, although no statistically significant
differences were observed, the ET exhibited greater fatigue and stress. This response may be associated with a
decline in strength, characterized by a greater amplitude of reduction in Maximum Isometric Force.

Limitations

Our study has some limitations, as our athletes participate in a sport that has a single classification, not divided by
disability, which could have different results. Differences in body weight were not taken into account, as lighter
athletes tend to have greater relative strength and heavier athletes tend to have greater absolute strength, which
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could interfere with the results if they were separated by body weight category. Future research should investigate
how best to implement traditional and eccentric training and examine how strength affects an athlete’s ability to
improve performance after various training methods.

Conclusions

In the present study, it was determined that the muscles involved in the bench press exercise showed a notable
increase in skin temperature (Thermo) after implementing the Eccentric training method (ET) in contrast to
the traditional method (TT). This observation was noted in the acute response to the bench press exercise,
indicating a high occurrence of muscle fatigue. Additionally, there was a substantial increase in the production
of Maximum Isometric Force (MIF) after performing Eccentric training, emphasizing its influence not only on
muscular fatigue, but also on a further increase in the production of muscular force.

In practical application, as mentioned previously, the Eccentric training method (ET) appears to be more
effective in the acute response to the bench press exercise, attributed to the use of heavy weights and resulting in
greater neuromuscular adaptations. However, it is essential to recognize that muscle recovery time tends to be
prolonged. Coaches must meticulously evaluate, plan and periodize the chosen training method and recovery
period for Paralympic Powerlifting athletes.

Data availability
Data sets generated during the current study are available from the corresponding author on reasonable request.

Received: 21 May 2024; Accepted: 3 July 2025
Published online: 17 July 2025

References
1. WPPO Rules and Regulations_2022_v1.4_0.pdf [Internet]. Disponivel em: https://www.paralympic.org/sites/default/files/2023-0
7/WPPO%20Rules%20and%20Regulations_2022_v1.4_0.pdf (2025).
2. van den Hoek, D. et al. Analysis of competition performance leading to success at the international powerlifting federation world
championships between 2013 and 2019. J. Strength Cond. Res. 37(10), e555-e562 (2023).
3. van den Hoek, D., Garrett, J., Howells, R. & Latella, C. Paralympians are stronger than you know: A comparison of para and
nondisabled powerlifting bench press world records. J. Strength Cond. Res. 37(2), 452-456 (2023).
4. de Resende, M. A. et al. The influence of warm-up on body temperature and strength performance in Brazilian national-level
paralympic powerlifting athletes. Med. Kaunas Lith. 56(10), 538 (2020).
5. Levantamento de peso paralimpico como uma maneira sustentédvel de melhorar a forca em atletas com lesio medular e outras
deficiéncias [Internet]. Disponivel em: https://www.mdpi.com/2071-1050/14/4/2017 (2025).
6. Golas, A., Maszczyk, A., Stastny, P, Wilk, M., Ficek, K., Lockie, R. G. et al. A new approach to EMG analysis of closed-circuit
movements such as the flat bench press. Sports 6(2), 27 (2018).
7. Austin, D & Mann, B. Powerlifting: The Complete Guide to Technique, Training, and Competition (Human Kinetics, 2012).
8. Avaliagio do Treinamento com Faixas Eldsticas sobre Indicadores de Forga e Fadiga no Levantamento de Peso Paralimpico
[Internet]. Disponivel em: https://www.mdpi.com/2075-4663/9/10/142 (2025).
9. McNeill, C., Beaven, C. M., McMaster, D. T. & Gill, N. Eccentric training interventions and team sport athletes. J. Funct. Morphol.
Kinesiol. 4(4), 67 (2019).
10. Taber, C. B., Morris, . R., Wagle, ]. P. & Merrigan, J. J. Accentuated eccentric loading in the bench press considerations for eccentric
and concentric loading. Sports Basel Switz. 9(5), 54 (2021).
11. Schoenfeld, B. J., Ogborn, D. & Krieger, ]. W. Dose-response relationship between weekly resistance training volume and increases
in muscle mass: A systematic review and meta-analysis. . Sports Sci. 35(11), 1073-1082 (2017).
12. Schoenfeld, B. J., Grgic, J., Ogborn, D. & Krieger, J. W. Strength and hypertrophy adaptations between low- vs. high-load resistance
training: A systematic review and meta-analysis. J. Strength Cond. Res. 31(12), 3508-4235 (2017).
13. Douglas, J., Pearson, S., Ross, A. & McGuigan, M. Chronic adaptations to eccentric training: A systematic review. Sports Med.
Auckl NZ. maio de 47(5), 917-941 (2017).
14. Hody, S., Croisier, J. L., Bury, T., Rogister, B. & Leprince, P. Eccentric muscle contractions: Risks and benefits. Front. Physiol. 10, 536
(2019).
15. Fraga, G. S. et al. Effects of ibuprofen intake in muscle damage, body temperature and muscle power in paralympic powerlifting
athletes. Int. J. Environ. Res. Public Health 17(14), 5157 (2020).
16. Mendonga, T. P. et al. Force production and muscle activation during partial vs. full range of motion in Paralympic Powerlifting.
PLoS ONE 16(10), 0257810 (2021).
17. Soares Freitas Sampaio, C. R. et al. Can creatine supplementation interfere with muscle strength and fatigue in Brazilian national
level paralympic powerlifting?. Nutrients 12(9), 2492 (2020).
18. Teles, L. J. L. et al. Static and dynamic strength indicators in Paralympic power-lifters with and without spinal cord injury. Int. J.
Environ. Res. Public Health 18(11), 5907 (2021).
19. Aidar, E J. et al. Does the level of training interfere with the sustainability of static and dynamic strength in paralympic powerlifting
athletes?. Sustainability 14(9), 5049 (2022).
20. Guerra, L. et al. Are SEMG, velocity and power influenced by athletes’ fixation in Paralympic Powerlifting?. Int. J. Environ. Res.
Public Health 19(7), 4127 (2022).
21. (PDF) Aplicagdes da termografia infravermelha no esporte. Uma revisao [Internet]. Disponivel em: https://www.researchgate.net
/publication/286935481_Applications_of_Infrared_Thermography_in_Sports_A_Review#full TextFileContent (2025).
22. Classificagao dos fatores que influenciam o uso da termografia infravermelha em humanos: uma revisio - ScienceDirect [Internet].
Disponivel em: https://www.sciencedirect.com/science/article/abs/pii/S1350449515000523 (2025).
23. de Aquino Resende, M. et al. Are strength indicators and skin temperature affected by the type of warm-up in Paralympic
powerlifting athletes?. Healthc. Basel Switz. 9(8), 923 (2021).
24. Cohen, J. A power primer. Psychol. Bull. 112(1), 155-159 (1992).
25. Lakens, D. Calculating and reporting effect sizes to facilitate cumulative science: A practical primer for t-tests and ANOVAs. Front.
Psychol. 4,863 (2013).
26. SciELO Brasil - TERMOGRAFIA MEDICA INFRAVERMELHA APLICADA A MEDICINA DO ESPORTE TERMOGRAFIA
MEDICA INFRAVERMELHA APLICADA A MEDICINA DO ESPORTE [Internet]. Disponivel em: https://www.scielo.br/j/rbm
e/a/CxYgWLRQLAYKZsPR757NyVC/ (2025).

Scientific Reports |

(2025) 15:25900 | https://doi.org/10.1038/s41598-025-10530-z nature portfolio


https://www.paralympic.org/sites/default/files/2023-07/WPPO%20Rules%20and%20Regulations_2022_v1.4_0.pdf
https://www.paralympic.org/sites/default/files/2023-07/WPPO%20Rules%20and%20Regulations_2022_v1.4_0.pdf
https://www.mdpi.com/2071-1050/14/4/2017
https://www.mdpi.com/2075-4663/9/10/142
https://www.researchgate.net/publication/286935481_Applications_of_Infrared_Thermography_in_Sports_A_Review#fullTextFileContent
https://www.researchgate.net/publication/286935481_Applications_of_Infrared_Thermography_in_Sports_A_Review#fullTextFileContent
https://www.sciencedirect.com/science/article/abs/pii/S1350449515000523
https://www.scielo.br/j/rbme/a/CxYgWLRqL4YKZsPR757NyVC/
https://www.scielo.br/j/rbme/a/CxYgWLRqL4YKZsPR757NyVC/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

27. Stewart, L. B. et al. Thermal infrared imaging can differentiate skin temperature changes associated with intense single leg exercise,
but not with delayed onset of muscle soreness. J. Sports Sci. Med. 19(3), 469-477 (2020).

28. Dindorf, C., Bartaguiz, E., Janowicz, E., Frohlich, M. & Ludwig, O. Effects of unilateral muscle fatigue on thermographic skin
surface temperature of back and abdominal muscles-a pilot study. Sports Basel Switz. 10(3), 41 (2022).

29. Neves, E. B. et al. The influence of subcutaneous fat in the skin temperature variation rate during exercise. Res. Biomed. Eng. 31,
307-312 (2015).

30. Gottschall, J. S., Hastings, B. & Becker, Z. Muscle activity patterns do not differ between push-up and bench press exercises. J. Appl.
Biomech. 34(6), 442-447 (2018).

31. Alizadeh, S., Rayner, M., Mahmoud, M. M. I. & Behm, D. G. Push-ups vs. bench press differences in repetitions and muscle
activation between sexes. J. Sports Sci. Med. 19(2), 289-297 (2020).

Author contributions

Conceptualization, J.A.S.L.J. and EJ.A.; methodology, EJ.A; software, J.L.M.; validation, PEA.N., B.G.A.T.C. and
AES.; formal analysis, G.B.; investigation, C.].B.; resources, R.ES.; data curation, J.A.S.L.]J.; writing—original
draft preparation, H.N.; writing—review and editing, G.B., EH.Y., EM.C, A.EA; visualization, A.ES; supervi-
sion, A.FA and EJ.A

Declarations

Competing interests
The authors declare no competing interests.

Ethical approval and consent to participate

The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the
Institutional Review Board and approved by the Human Research Ethics Committee of the Federal University
of Sergipe (UFS), under Statement Number 2637882/2018.Written informed consent was obtained from all
individual participants included in the study.

Additional information
Correspondence and requests for materials should be addressed to G.B. or EH.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:25900 | https://doi.org/10.1038/s41598-025-10530-z nature portfolio


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

ARTIGO 2

56

EFEITOS AGUDOS DO TREINO EXCENTRICO VERSUS

TRADICIONAL SOBRE FORCA ISOMETRICA, POTENCIA
TERMORREGULACAO EM ATLETAS DE POWERLIFTING PARALIMPICO.

E



Acute Effects of Eccentric versus Traditional Training on Isometric
Strength, Power and Thermoregulation in Paralympic Powerlifting
Athletes

Joilson Alves de Souza Leite Janiorl?, Felipe J. Aidarl234 Angelo de
Almeida Paz!?, Tanise Pires Mendonca'?

1 Graduate Program of Physiological Science, Federal University of
Sergipe (UFS), Sao Cristovao 49100-000, Brazil. joilsonasljunior@gmail.com
(J.A.d.S.L.J.); fjaidar@gmail.com (F.J.A.); Angelo-paz@outlook.com (A.A.P.).

2 Group of Studies and Research of Performance, Sport, Health and
Paralympic Sports (GEPEPS), Federal University of Sergipe (UFS), Séao
Cristovdo 49100-000, Brazil. joilsonasljunior@gmail.com (J.A.d.S.L.J.);
fiaidar@gmail.com (F.J.A.); Angelo-paz@outlook.com (A.A.P.).

3 Graduate Program of Physical Education, Federal University of Sergipe
(UFS), Séo Cristovao 49100-000, Brazil. flaidar@gmail.com (F.J.A.).

4 Department of Physical Education, Federal University of Sergipe (UFS),
Séo Cristovdo 49100-000, Brazil. joilsonasljunior@gmail.com (J.A.d.S.L.J.);
fiaidar@gmail.com (F.J.A.); Angelo-paz@outlook.com (A.A.P.).

*Corresponding author: joilsonasljunior@gmail.com; flaidar@gmail.com.

Abstract

Paralympic Powerlifting (PP) is a strength-based sport in which the objective is
to lift the highest possible load in the bench press exercise while maintaining
proper technique. The traditional training method (TT) is considered the safest,
while the eccentric training method (ET) is characterized by lower energy cost
and greater load capacity. This study investigated the acute effects of different
strength training methods (TT and ET) on 19 elite male PP athletes ranked
among the top 10 in their respective weight categories. The following variables
were assessed before, immediately after, and 24 and 48 hours post-training:
maximal isometric force (MIF), skin temperature (Tsk), maximal velocity (Vmax),
variability, and power. In the TT protocol, loads equivalent to 80% of 1RM were
used during both concentric and eccentric phases; in the ET protocol, loads
were set at 80% of 1RM for the concentric phase and 110% of 1RM for the
eccentric phase. Results indicated that ET induced an increase in Tsk in the
pectoralis major and anterior deltoid muscles 48 hours after exercise,
suggesting greater muscle damage and inflammatory response. MIF recovery
was slower following ET, whereas TT showed full recovery and even higher
values after 48 hours. Variability was greater in the ET condition, indicating less
performance consistency. Both Vmax and power showed immediate decreases
in both methods, with more efficient recovery observed in TT. In conclusion, ET
elicits intense neuromuscular responses with potential for long-term adaptive
gains, but requires extended recovery time. Conversely, TT appears more
appropriate for maintenance phases, due to reduced muscle disruption and
faster restoration of function.

Keywords: eccentric training, isometric strength, neuromuscular adaptations,
powerlifting, elite athletes.
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1. Introduction

Strength training is widely recognized for its effectiveness in enhancing
muscular strength, power, and hypertrophy, and is employed in both athletic
and clinical populations (Refsnes et al., 2025). Powerlifting is a sport focused on
maximal strength development and consists of three movements: squat, bench
press, and deadlift (Federacdo Internacional de Powerlifting IPF - Federacédo
Internacional de Powerlifting IPF, s. d.). Paralympic Powerlifting (PP) is a
strength-based sport involving athletes with lower limb impairments, in which
the competitive goal is to lift the highest possible load in the bench press,
following standardized technical criteria (IPC - Paralympics News, Sports and
Results, s. d.). Although both sports share the same goal—Ilifting the heaviest
possible weight in their respective events—they differ in technique and training
methodology (Tung et al., 2024). While the movement is focused on the upper
body, elite Paralympic athletes exhibit exceptional strength levels, often
surpassing world records set by able-bodied athletes, as evidenced by recent
comparative analyses (van den Hoek et al., 2023). These findings not only
challenge conventional paradigms regarding performance in athletes with
disabilities but also highlight the effectiveness of neuromuscular, biomechanical,
and psychological adaptations resulting from intensive training.

Beyond its competitive value, PP has been proposed as a sustainable
and safe strategy for improving muscle strength in individuals with spinal cord
injuries and other physical disabilities, contributing to functional rehabilitation,
self-esteem, and quality of life (Aidar et al., 2022; Teles et al., 2021). Studies
involving elite Paralympic athletes also emphasize the influence of variables
such as elastic resistance, variable overload, and velocity control on
performance outcomes such as power, skin temperature, and neuromuscular
fatigue (Filho et al., 2024; Santos et al., 2023). These findings underscore the
importance of scientifically investigating different training strategies, with a focus
on acute responses and practical applicability. (Refsnes et al., 2025) )
demonstrated that performing eccentric training (ET) sessions one to three
times per week can lead to significant strength and muscle growth adaptations,
highlighting the importance of balancing stimulus and recovery.

Among the most commonly used methods in strength athlete preparation
are traditional training (TT), which balances concentric and eccentric actions,



and eccentric training (ET), which emphasizes the eccentric phase using loads
exceeding 100% of 1RM (de Souza Leite Junior et al., 2025; Taber et al., 2021).
While TT is associated with safe and progressive strength development, ET has
a greater potential to induce muscle damage, oxidative stress, and neural
adaptation—particularly due to the recruitment of type Il muscle fibers and
increased motor control demands (Franchi et al., 2017; Hody et al., 2019).
However, the acute effects of these methods on variables such as isometric
strength, velocity, power, force variability, and pain perception remain poorly
understood in athletes with disabilities, limiting individualized load prescription in
high-performance contexts (Soares Freitas Sampaio et al., 2020).

Given this context, the present study aimed to analyze the acute effects
of different strength training methods (TT and ET) on maximal isometric
strength, pain sensitivity (via pressure algometry), maximum velocity, variability,
and power in elite Paralympic Powerlifting athletes. Considering the greater
physiological stress imposed by ET, we hypothesize that this method will elicit
more intense neuromuscular and perceptual responses compared to TT, which

may have direct implications for training session and cycle planning.

2. Methods

This study employed a crossover design involving Paralympic
Powerlifting (PP) athletes from the Federal University of Sergipe, Brazil. Each
participant served as their own control, with assessments conducted over a
three-week period: familiarization (week 1), traditional training (TT, week 2), and
eccentric training (ET, week 3). All sessions took place between 9:00 a.m. and
12:00 p.m. in a climate-controlled environment (~25°C), according to athlete
availability.

The following variables were measured during the application of the TT
and ET protocols, each performed in a single training session: maximal
isometric force (MIF), skin temperature (Tsk), maximal velocity (Vmax),
variability (Variab), and power output (Pot). All participants were previously
accustomed to high-intensity strength training with loads exceeding 80% of
1RM and routinely applied various training methods throughout their annual

periodization.



In the TT protocol, a constant load of 80% of 1RM was used during both
the concentric and eccentric phases of the bench press movement (Austin &
Mann, 2012). For the ET protocol, the concentric phase was performed with a
load of 80% of 1RM, while the eccentric phase involved a supramaximal load of
110% of 1RM (Taber et al., 2021). At the end of the eccentric phase, 30% of the
additional load was removed from the bar, leaving 80% of the total load for the
concentric phase. During all sessions, verbal encouragement was provided to
ensure maximal effort. Measurements of MIF, Variab, Tsk, Vmax, and Pot were
collected at four time points: baseline (pre), immediately post-exercise (post),

24 hours post, and 48 hours post-exercise, as detailed in Table 1.

Table 1. Experimental drawing — Weekly test schedule.

Weeks Day 1 Day 2 Day 3 Other days
Before, after 24h 48h Rest
Week 1 >
(Familiarization) .t__ .t__ .t__
1RM, MIF, Variab, Tsk, Vmax e Pot
Week 2 Before, after 24h 48h Rest

(Traditional Training) > 4

o

]’.‘
]i.

1RM, MIF, Variab, Tsk, Vmax e Pot

Before, after 24h 48h Rest

,‘5\
1RM, MIF, Variab, Tsk, Vmax e Pot

Week 3

(Eccentric Training) >

]’-_
]i.

Legend: 1RM: One Repetition Maximum; MIF: Maximal Isometric Force; Variab: Variability;
Tsk: Skin Temperature; Vmax: Maximum Velocity; Pot: Power. The tests were performed using
the bench press exercise approved by the WPPO (WPPO, s. d.).

2.1. Sample

Nineteen elite male athletes participated, each ranked among the top 10
in their respective categories. Inclusion criteria included at least 18 months of
competitive experience and eligibility confirmed by the Brazilian Paralympic
Committee. All participants voluntarily took part in the study and signed an
informed consent form, in accordance with Resolution 466/2012 of the National
Commission for Research Ethics (CONEP) of the Brazilian National Health
Council (CNS), and in compliance with the Declaration of Helsinki (1964,
revised in 2013) of the World Medical Association. This study was approved by
the Research Ethics Committee of the Federal University of Sergipe (ID-CAAE:



67953622.7.0000.5546) under approval number 6.523.247, dated November
22, 2023.

Table 2. Sample characteristics.

Variable Values
Age (years) 31.00 + 6.32
Experience (years) 6.09 £ 1.30
Body mass (kg) 73.75+17.63
Bench press 1RM (kg) 140.91 £ 42.53*
1RM / Body mass 1.77 £ 0.39**

Legend: Athletes were ranked among the top 10 in their respective national weight categories
based on lifted loads. A 1RM-to-body mass ratio above 1.4 is considered indicative of elite
status among competitors (Ball & Weidman, 2018; van den Hoek et al., 2023).

2.2. Instruments

Body mass was measured with the athletes seated on a wheelchair-
adapted electronic scale (Mic Wheelchair model, Micheletti, Sdo Paulo, Brazil),
with a maximum capacity of 300 kg. The bench press exercise was performed
using official Paralympic Powerlifting equipment, including bench, barbell, and
collars(WPPO, s. d.), according to international competition standards.

Dynamic strength parameters, including maximum velocity and power,
were measured using a Speed4Lift SL® linear position transducer (Méstoles,
Madrid, Spain) (Pérez-Castilla et al., 2019). Data were collected before and
after a training session with a submaximal load equivalent to 45% of 1RM, in
which the estimated mean velocity was approximately 1.0m-s™* (Sanchez-
Medina et al.,, 2010; Sanchez-Medina & Gonzalez-Badillo, 2011). These
dynamic parameters were also compared between the first and last sets of a
five-set protocol (5 x 5RM) using 80% of 1RM.

Static strength parameters, including maximal isometric force (MIF) and
variability, were measured using a Chronojump load cell (Chronojump
BoscoSystem, Barcelona, Spain) (Mendonca et al., 2021), 2021), with a
capacity of 500kg, output impedance of 350 + 3 ohms, insulation resistance
above 2.000cc, input impedance of 365 + 5ohms, and a 24-bit analog-to-digital
converter operating at 80 Hz. The perpendicular distance between the load cell
and the center of the bench was used as the reference point (Teles et al.,
2021).

MIF was defined as the maximum force generated by the upper limb

muscles during the bench press exercise. Maximal isometric force, measured in



Newtons (N), was calculated using the formula N = M x g, where M represents
mass in kilograms and g is the acceleration due to gravity (9.80665m/s?). The
measurement was taken between the cable attachment point of the load cell
and the bench press apparatus. During the isometric test, athletes’ elbows were
positioned at approximately 90°, confirmed using a pendular goniometer (Model
FL6010, Sanny, Sao Paulo, Brazil). Athletes were instructed to perform a
maximal voluntary contraction by attempting to extend their elbows as quickly
and forcefully as possible to assess MIF. To measure the time to MIF,
participants maintained maximal contraction for 5 seconds (Soares Freitas
Sampaio et al., 2020; Teles et al., 2021).

For thermographic image acquisition, a room was prepared with artificial
lighting and environmental control, including temperature regulation via air
conditioning and monitoring with a thermo-hygrometer (Hikari HTH-240, Hikari,
Shenzhen, China) (Santos et al., 2023). The temperature was maintained
between 22-24°C, and relative humidity was kept at approximately 50% (Aidar
et al., 2022). Using a thermal imaging camera, it is possible to detect infrared
radiation within the electromagnetic spectrum and convert this energy into data
on skin surface temperature, which is directly related to local blood flow.

Proper preparation was conducted prior to thermogram acquisition.
Athletes were instructed to refrain from any physical exercise during the 24
hours preceding the test and to avoid the consumption of caffeine, stimulants,
and alcohol (Fernandez-Cuevas et al., 2015) Thermal images were captured
using a FLIR T640sc infrared camera (FLIR Systems, Stockholm, Sweden),
featuring a temperature detection range of —40°C to 2.000°C, accuracy of 2%,
thermal sensitivity < 0.035°C, infrared spectral band of 7.5 to 14 um, frame rate
of 30Hz, and resolution of 640 x 480 pixels. The camera was positioned at a
distance ranging from 0.91m to 5.48m from the athlete. Thermal image analysis
was performed using FLIR TOOLS software (FLIR Systems, Stockholm,
Sweden). Regions of interest (ROISs) included the pectoralis major (sternal and
clavicular portions), anterior deltoid, and the long head of the triceps brachii (de

Souza Leite Junior et al., 2025).



B)
Figure 1. lllustration of thermographic images during different training methods. (A) Traditional
training, (B) Eccentric training.

2.3. Procedures

During the familiarization week, body mass and bench press 1RM were
assessed (IPC - Paralympics News, Sports and Results, s. d.). The traditional
training (TT) protocol used 80% of 1RM in both concentric and eccentric
phases, while the eccentric training (ET) protocol applied 80% of 1RM in the
concentric phase and 110% in the eccentric phase, with removal of 30% of the
extra load at the end of the eccentric phase. Maximal isometric force (MIF), skin
temperature (Tsk), maximal velocity (Vmax), variability (Variab), and power
output (Pot) were measured before, immediately after, 24 hours, and 48 hours
post-training. Each athlete performed a single repetition with the tested load,
adjusted in increments or reductions of 2.4 to 2.5% until reaching the 1RM
value. Recovery intervals between attempts ranged from 3 to 5 minutes
(Resende et al., 2020). At the beginning of each test session, athletes
completed a warm-up targeting the muscles involved in the movement,
consisting of three sets of 10 to 20 repetitions. Subsequently, a specific warm-
up for the bench press was performed, using 30% of the 1RM load with 10 slow

repetitions followed by 10 fast repetitions(Teles et al., 2021).

2.3. Statistical Analysis

Data were analyzed using SPSS 22.0 software, with significance set at p
< 0.05. Sample power was calculated with G*Power (effect size f = 0.8; a <
0.05; 1-B = 0.80), indicating robustness with a sample size of n = 12. Two-way
ANOVA with Bonferroni post hoc and t-tests for effect size (Cohen, 1992) were
applied.



Descriptive statistical analysis was performed using measures of central
tendency, presenting the mean (X) + standard deviation (SD) and 95%
confidence intervals (95% CI). The Shapiro-Wilk test was applied to assess the
normality of the variables, taking sample size into account. All analyzed
variables demonstrated homogeneity and normal distribution. Performance was
evaluated using two-way ANOVA (Cohen, 1992), followed by Bonferroni post
hoc tests, considering two conditions (TT and ET) and four time points (pre,
post, 24 h, and 48 h). Effect sizes were classified as small (< 0.05), medium
(0.05 to 0.25), large (0.25 to 0.50), and very large (> 0.50). The t-test was also
employed for effect size analysis (Cohen’s d), adopting the following
classifications: small (< 0.20), medium (0.20 to 0.80), large (0.80 to 1.20), and
very large (> 1.20) (Cohen, 1992; Lakens, 2013).

3. Results

The results presented in Figure 1 indicate that there was a significant
difference in skin temperature (Tsk) following eccentric training (ET) in the
Pectoralis Major muscle at 48 hours post-training (34.29 + 1.76°C, 95% CI:
33.45-35.14, "b" p = 0.022; F = 5.817; n?p = 0.244; medium effect), in the
Anterior Deltoid muscle at 48 hours post-training (34.34 + 1.41°C, 95% CI:
33.66—-35.20, "b" p = 0.012; F = 10.124; n?p = 0.244; medium effect), and in the
Long Head of the Triceps Brachii at 48 hours post-training (32.53 + 1.48°C,
95% Cl: 31.82-33.25, "b" p = 0.018; F = 2.053; n?%p = 0.102; very high effect).
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Figure 1. Skin temperature (Tsk) (Mean + SD; 95% CI) at different time points following
Traditional Training and Eccentric Training in Paralympic powerlifting athletes.



The results presented in Table 3 indicate that, regarding maximal
isometric force (MIF), there was a significant difference in the TT group at 48
hours post-exercise (811.75 = 196.76 m/s, 95% CI. 716.91-906.58; “c” p =
0.038; F = 5.094; n?p = 0.221; very large effect), as well as in the ET group at
the same time point (740.45 + 219.66 m/s, 95% CI: 634.58-846.33; “‘d” p =
0.010; F = 5.094; n?p = 0.221; very large effect). A significant difference was
also observed between the TT and ET methods at 48 hours post-exercise (p =
0.037; F = 0.781; n?p = 0.042; large effect), with higher MIF values in the TT
condition. No significant differences were found in variability (p = 0.155).

Table 3. Maximal Isometric Force (MIF) and Variability (Variab) (Mean + SD; 95% CI) at
Different Time Points during Traditional Training and Eccentric Training in Paralympic
Powerlifting.

MIF (m/s) Variab
Before Traditional 729.84+252.30 1.50+£1.04
“a” (608.23-851.44) (1.00-2.00)
Before Eccentric 727.69+214.69 1.87+£1.03
“b” (624.21-831.17) (1.37-2.37)
After Traditional 657.00+271.55 1.60+1.39
“c” (526.11-787.89) (0.93-2.27)
After Eccentric 666.06+197.85 2.03+0.80
“d” (570.70-761.42) (1.64-2.42)
24hs Traditional 724.58+241.50 1.73+0.82
“e” (608.18-840.99) (1.33-2.12)
24hs Eccentric 697.22+232.13 1.60+0.60
“f (585.34-809.10) (1.31-1.89)
48hs Traditional 811.75+196.76 ¢ 1.88+1.00
“9” (716.91-906.58) (1.40-2.36)
48hs Eccentric 740.45+219.66 d,g 2.03+0.85
“h” (634.58-846.33) (1.63-2.44)
c p=0.038 * p=0.155
p d p=0.010 *
g p=0.037 #
= 5.094 * XXX
0.781 #
0.221* XXX
n2p 0.042 #

p<0.05 (ANOVA two way and Post Hoc de Bonferroni). n2p = partial eta square (small effect
<0.05, medium effect 0.05 to 0.25, high effect 0.25 to 0.50, and very high effect (>0.50). *
Intraclass, # Interclass.

The results presented in Table 4 indicate that for Vmax at 45% of 1RM, a
significant difference was observed in the TT group at 24 hours post-training
(1.14 £ 0.19 m/s, 95% CI: 1.05-1.23; “@” p = 0.005; F = 13.164; n’p = 0.422;
large effect). In the ET group, a significant difference was found immediately



post-training (1.07 = 0.21 m/s, 95% CI: 0.97-1.17; “b” p < 0.001; F = 13.164;
nN%p = 0.422; large effect). Additionally, for the ET group, significant differences
were observed at the pre-training time point (1.24 + 0.22 m/s, 95% CI: 1.14—
1.35; " p < 0.001; F = 13.164; n*p = 0.422; large effect) and again at pre-
training (1.24 + 0.22 m/s, 95% CI: 1.14-1.35; “h” p < 0.007; F = 13.164; n?*p =
0.422; large effect).

Regarding power output (Pot) at 45% of 1RM, a significant difference
was observed in the TT group at 24 hours post-training (432.32 =+ 146.93 W,
95% CI: 361.50-503.10; “a” p = 0.008; F = 13.364; n?*p = 0.426; large effect). In
the ET group, significant differences were found immediately post-training
(397.25 £ 148.96 W, 95% CI: 325.45-469.04; “b” p = 0.002; F = 13.364; n?p =
0.426; large effect) and at the pre-training time point (460.05 £ 157.99 W, 95%
Cl: 383.90-536.20; “f" p = 0.001 and “h” p = 0.005; F = 13.364; n*p = 0.426;
large effect). A significant difference was also found between the TT and ET
groups at 24 hours post-training (407.39 + 135.21 W, 95% CI: 342.22-472.55;
“h” p =0.030; F = 10.684; n*p = 0.372; large effect).

Regarding Vmax at 80% of 1RM, a significant difference was observed in
the ET group at 24 hours post-training (0.52 + 0.08 m/s, 95% CI: 361.50—
503.10; “@” p = 0.048; F = 4.490; n?p = 0.200; medium effect).

No significant difference was found in power output (Pot) at 80% of 1RM
(p =0.162).
Table 4 Maximum Velocity (Vmax) and Power at 45% of 1RM and First and Fifth Sets at 80% of

1RM (Mean £ SD; 95% CI) at Different Time Points Following Traditional and Eccentric Training
in Paralympic Powerlifting.

45%de 1RM

80%de 1RM

Vmax (m/s) Pot (W) Vmax (m/s) Pot (W)

Before Traditional 1.26+0.23 467.58+160.44 0.58+0.18 369.55+152.68
“a” (1.15-1.37)  (390.25-544.91) (0.50-0.67) (295.96-443.14)
Before Eccentric  1.24+0.22 f,h 460.05+157.99 f,h 0.57+0.09 367.38+120.10
“b” (1.14-1.35) (383.90-536.20) (0.53-0.61) (309.50-425.27)

After Traditional 1.16+0.23 441.11+142.14 0.55+0.17 349.95+147.02
“c” (1.05-1.27) (372,60-509.61) (0.47-0.63) (279.09-420.81)

After Eccentric 1.07+£0.21 b  397.25+148.96 b 0.55+0.09 327.05+93.51
“d” (0.97-1.17) (325.45-469.04) (0.51-0.59) (281.98-372.12)

24hs Traditional 1.14+0.19a 432.32+146.93 a 0.54+0.15 341.90+137.46
“e” (1.05-1.23) (361.50-503.13) (0.47-0.61) (275.65-408.15)

24hs Eccentric 1.09+0.20 407.39+135.21 e 0.52+0.08 b 320.77+115.65
“f (0.99-1.19) (342.22-472.55) (0.48-0.55) (265.03-376.51)

48hs Traditional 1.17+0.17 435.81+136.59 0.55+0.20 334.15+147.43
‘g’ (1.09-1.25) (369.97-501.64) (0.46-0.65) (263.09-405.21)

48hs Eccentric 1.11+0.20 412.86+144.09 0.53+0.09 334.48+114.07
“h” (1.02-1.21) (343.41-482.31) (0.48-0.57) (279.49-389.46)



a p =0.005* a p =0.008* b p=0.048 * p =0.162
b,f p <0.001* b p =0.002*
p h p =0.007* e p =0.030#
f p =0.001*
h p =0.005*

13.164 * 13.364 * 4.490 * XXX
10.684 #

) 0.422 * 0.426 * 0.200 * XXX
n<p 0.372 #

p<0.05 (ANOVA two way and Post Hoc de Bonferroni). n2p = partial eta square (small effect
<0.05, medium effect 0.05 to 0.25, high effect 0.25 to 0.50, and very high effect (>0.50). *
Intraclass, # Interclass.

4. Discussion

The aim of this study was to analyze the acute effects of different
strength training methods on maximal isometric force, skin temperature,
maximal velocity, variability, and power in Paralympic powerlifting athletes.
Eccentric contractions generate greater forces compared to other contraction
types at a given angular velocity; additionally, they require less motor unit
activation and incur lower metabolic cost. It is well established that the neural
strategies controlling eccentric contractions differ considerably from those of
concentric or isometric contractions (Duchateau & Baudry, 2014). Eccentric
contraction has garnered increasing interest across various fields due to its

unique physiological and mechanical characteristics.

Skin Temperature

Eccentric training (ET) induced a greater increase in skin temperature
(Tsk), consistent with increased muscle damage and inflammation (Filho et al.,
2024; Getirana-Mota et al., 2024; Resende et al.,, 2020), while traditional
training (TT) favored faster recovery of maximal isometric force (MIF), possibly
due to lower eccentric overload. Maximal velocity (Vmax) and power (Pot)
reflected greater neuromuscular impact in ET, corroborating findings by (Hody
et al., 2019). These findings align with studies indicating that ET is more
effective for long-term hypertrophy and strength gains but incurs immediate
costs to functional capacity (Roig et al., 2009). In Paralympic athletes,



adaptations may be modulated by factors such as pre-existing lower limb
atrophy, suggesting the need for individualized periodization adjustments.

The body’s thermoregulation system involves many factors and
processes to maintain homeostasis. During exercise, homeostasis in general,
and skin temperature in particular, are strongly influenced by skeletal muscle
metabolismo (Fernandez-Cuevas et al., 2015; Sillero-Quintana et al., 2022). ).
After exercise, metabolic activity remains elevated as a compensatory response
during the catabolic recovery phase. Therefore, athletes may require a longer
rest period (Fernandez-Cuevas et al., 2015; Resende et al., 2020).

The study by (Santos et al., 2023) found an increase in skin temperature
in both dominant and non-dominant limbs between pre- and post-training bench
press sessions in Paralympic powerlifting athletes, which represents a
population specifically addressed in our study. (de Souza Leite Junior et al.,
2025) observed that, under the eccentric training (ET) method, skin temperature
(Tsk) increased 24 hours post-exercise and remained elevated up to 48 hours
in the sternal portion of the pectoralis major muscle, indicating changes in blood
flow within the targeted regions.

Our study found a statistically significant increase in skin temperature in
the pectoralis major and anterior deltoid muscles 48 hours after eccentric
training (ET) (34.29 °C and 34.34 °C, respectively) compared to traditional
training (TT). This finding is consistent with the study by (Filho et al., 2024;
Getirana-Mota et al., 2024) which reported significant differences in skin
temperature 48 hours after a strength training session in the sternal portion of
the pectoralis major, anterior deltoid, and triceps brachii muscles. This can be
explained by the fact that eccentric training induces greater muscle damage and
inflammatory response, which increases blood flow to the affected area, raising
skin temperature. Additionally, these responses may be related to muscle
regeneration and prolonged structural adaptation, which may potentially favor

long-term strength gains.

Maximal Isometric Force and Variability
The results indicate that both training methods, TT and ET, led to an
acute reduction in maximal isometric force (MIF) immediately after exercise,

reflecting the neuromuscular and metabolic stress imposed by the session



(Sanchez-Medina et al., 2010). However, MIF recovery after 48 hours was more
pronounced in the TT group, with higher values (811.75 + 196.76 m/s)
compared to pre-training, in contrast to ET (740.45 = 219.66 m/s), which,
although showing recovery, did not reach TT levels. This difference may be
attributed to the lower magnitude of muscle damage induced by TT, whose
uniform load (80% of 1RM in both phases) results in less disruption of muscle
fibers and, consequently, a faster restoration of contractile capacity (Hody et al.,
2019). In contrast, ET, with an eccentric overload of 110% of 1RM, likely
produced greater muscle microtrauma and inflammatory response, prolonging
the recovery process, as suggested by Douglas (Douglas et al., 2017).

Variability in performance was also more pronounced in the ET condition,
indicating greater difficulty in maintaining force consistency after training. This
finding aligns with the greater neuromuscular complexity of ET, which requires
activation strategies distinct from those used in concentric or isometric
contractions (Duchateau & Baudry, 2014), potentially affecting coordination and
motor unit recruitment in the short term. In contrast, TT showed lower variability,
suggesting greater functional stability, which may be advantageous in
competitive contexts that demand precision and repeatability.

Regarding maximal velocity (Vmax) at 80% of 1RM, lower variability was
observed between groups compared to the 45% 1RM load. However, both
groups experienced an immediate post-training decline, followed by partial
recovery after 24 and 48 hours, without returning to baseline values. This
pattern may be related to the higher neuromuscular demands imposed by
heavy loads, which amplify the impact of muscle damage, especially in ET
(Suchomel et al., 2021). The persistence of reduced Vmax values suggests that
neuromuscular control and the ability to generate rapid force remain impaired
for up to 48 hours, particularly in ET, due to greater mechanical stress on fast-
twitch muscle fibers (Walker et al., 2016). These findings reinforce the need to
adjust recovery intervals according to the training method, considering the

distinct effects on muscle function in Paralympic powerlifting athletes.

Maximal Velocity and Power
With regard to Vmax at 45% of 1RM, values showed a significant decline

after eccentric training (1.07 £ 0.21 m/s) compared to traditional training (1.16 *



0.23 m/s). This reduction in maximal velocity following eccentric training can be
attributed to the greater degree of muscle damage induced by this method,
which causes significant microlesions, resulting in slower recovery of contractile
function (Hody et al., 2019). After 48 hours, the TT group showed Vmax values
close to baseline (1.17 £ 0.17 m/s), while the ET group remained below initial
levels (1.11 £ 0.20 m/s), suggesting that TT causes less muscle disruption and

supports faster recovery of velocity.

Regarding power at 45% of 1RM, this variable followed a pattern similar
to that of Vmax, with a significant reduction immediately after eccentric training
(397.25 + 148.96 W) compared to traditional training (441.11 + 142.14 W).
Power recovery was also slower in the eccentric group, with values 24 hours
post-training still below baseline levels (407.39 + 135.21 W), whereas the
traditional group had nearly fully regained its power-generating capacity (432.32
+ 146.93 W) in the same period.

Regarding power at 80% of 1RM, a significant reduction was observed
immediately after eccentric training (327.05 £ 93.51 W) compared to traditional
training (349.95 + 147.02 W), reflecting the greater difficulty in sustaining
performance under heavy loads due to the mechanical stress of eccentric
training (Hody et al., 2019). After 48 hours, power values for both groups (TT:
334.15 +147.43 W; ET: 334.48 + 114.07 W) indicated partial recovery, although
slower in the ET group. (Filho et al., 2024) reported lower power output under
traditional and variable resistance training conditions (use of chains), where
total resistance at the bench press angle did not result in greater acceleration.
Velocity tends to decrease under heavier loads due to slower shortening of
skeletal muscle fibers and higher force production (Santos et al., 2023), an
inverse relationship explained by the mechanisms of muscle contraction (Hody
et al., 2019; Walker et al., 2016). The applicability of velocity-based training
control under heavy loads has been debated, with evidence suggesting that
variations in training methods promote specific functional adaptations (Mesquita

Souza et al., 2023; Soares Freitas Sampaio et al., 2020).

Suggestions for Future Research



The findings of this study are relevant for understanding the acute effects
of training methods in Paralympic powerlifting athletes; however, they present
statistical limitations due to the relatively small sample size (n = 19), which
reflects the limited availability of competitive athletes with the specific
characteristics required. The absence of a control group restricts direct
comparisons that could help isolate the effects of training methods from external
variables. Additionally, the lack of control over participants' nutritional intake and
hydration levels may have introduced bias, as these variables directly influence
muscle recovery and neuromuscular performance. Such factors may have
contributed to variability in the observed results. Future studies are encouraged
to investigate the effects of eccentric training on other muscle groups, such as
the lower limbs in able-bodied populations, as well as in athletes with different
types of disabilities, in order to expand the generalizability of the findings and
deepen the understanding of the physiological responses to these training
protocols.

5. Conclusion

Eccentric training significantly increased skin temperature (Tsk) in the
pectoralis major and anterior deltoid muscles 48 hours after exercise, indicating
greater muscle damage and intense neuromuscular adaptations, but with
slower recovery of maximal isometric force (MIF), maximal velocity (Vmax), and
power (Pot) compared to traditional training. In contrast, traditional training
favored faster recovery and greater consistency in performance.

Based on these findings, the strategic use of eccentric training is
recommended during periodization phases aimed at developing maximal
strength and hypertrophy, such as in the base or general preparation stages.
This approach takes advantage of its capacity to induce profound
neuromuscular adaptations, provided that extended recovery intervals are
implemented to mitigate the effects of muscle damage. On the other hand,
traditional training is more suitable for periods close to competitions or during
maintenance phases, where rapid restoration of functional capacity and
performance stability are priorities, thus optimizing the preparation of

Paralympic powerlifting athletes for competitive events.
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Abstract

Background: Paralympic Powerlifting (PP) is a strength-based sport in which athletes aim
to lift maximal loads in the bench press. Traditional training (TT) is widely used to im-
prove performance; however, eccentric training (ET) has been proposed as an alternative
strategy due to its ability to generate higher mechanical loads with lower metabolic cost.
Despite its potential benefits, the acute effects of ET on oxidative stress, neuromuscular
performance, and pain perception in elite PP athletes remain poorly understood. Meth-
ods: This study investigated the acute effects of TT and ET in 15 elite male PP athletes.
Thiobarbituric acid reactive substances (TBARS), sulfhydryl groups (SH), rate of force de-
velopment (RFD), maximal strength up to 1 second (MS1s), pressure pain threshold (PPT),
and localized muscle strength were measured before, immediately after, and 24 and 48
hours post-exercise. TT employed 80% of 1RM in both concentric and eccentric phases,
while ET used 80% for concentric and 110% for eccentric phases. Results: ET significantly
increased SH at all post-exercise time points (p <0.001) and reduced TBARS at 24 hours (p
= 0.047), indicating changes in redox-related biomarkers and reduced TBARS. RFD in-
creased 48 hours after ET, while MS1s decreased immediately after exercise but returned
to baseline levels within 48 hours in both protocols. PPT and localized muscle strength
responses varied depending on the muscle group analyzed, with ET showing favorable
responses in selected muscle groups. Conclusions: Eccentric training elicited distinct
acute redox and performance-related responses in elite PP athletes, with favorable effects
observed in selected performance and recovery outcomes. However, these findings
should be interpreted cautiously given the indirect nature of the oxidative stress bi-
omarkers and the acute study design.
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49
1. Introduction 50

Resistance training (RT) is a key strategy for promoting health, improving physical 51
conditioning, and optimizing athletic performance, being directly associated with in- 52
creases in muscle strength and power across different populations, including athletes [1]. 53
In addition to its functional benefits, RT induces favorable metabolic adaptations, such as 54
enhanced insulin sensitivity and improved lipid profiles, thereby contributing to the pre- 55
vention of chronic conditions such as sarcopenia and type 2 diabetes [2]. From a physio- 56
logical perspective, maximal muscle strength gains associated with RT result from a com- 57
plex process of neuromuscular adaptation, which involves both morphological changes 58
in muscle fibers and modifications in the neural control of movement [3]. Eccentric exer- 59
cises performed at elongated muscle lengths promote greater corticospinal and spinal 60
plasticity, thereby optimizing neuromuscular adaptations and strength development [4]. 61

In this context, RT has been established as an effective strategy not only for healthy 62
populations but also for individuals with specific needs, such as Paralympic athletes [3,5]. 63
Among the different methods employed, eccentric training (ET) stands out [4] demon- 64
strated that ET performed at elongated muscle lengths promotes an increase in corticospi- 65
nal excitability, as evidenced by the elevation of motor evoked potential amplitude and 66
the reduction of motor threshold, indicating greater efficiency in the activation of cortical 67
motor neurons. 68

Complementing these neuromuscular adaptations, high-intensity exercise also in- 69
duces changes in the cellular redox balance, acting as a modulator of reactive oxygen spe- 70
cies (ROS), with effects ranging from oxidative damage to beneficial adaptive responses 71
depending on the magnitude and duration of the stimulus [6,7]. In Paralympic power- 72
lifters, understanding how different training protocols influence oxidative stress produc- 73
tion and the inflammatory response is essential for optimizing performance and prevent- 74
ing injuries [8,9]. Therefore, investigations that integrate the analysis of strength, fatigue, 75
and oxidative stress biomarkers contribute significantly to advancing knowledge in the 76
physiology of adapted exercise. 77

Similarly, changes in biomarkers such as an increase in thiobarbituric acid reactive 78
substances (TBARS), indicative of lipid peroxidation, and a reduction in sulfhydryl 79
groups (SH), markers of endogenous antioxidant capacity, represent common physiolog- 80
ical responses after intense RT sessions, particularly in high-demand modalities such as 81
Paralympic powerlifting [8,10]. These effects may reflect a transient imbalance in the re- 82
dox system, intensified by eccentric or high-load efforts, which promote greater acute ox- 83
idative stress and muscle inflammation [4,11]. In this context, there is growing scientific 84
interest in strategies to mitigate these adverse effects, such as nutritional interventions, 85
adjustments in training volume and intensity, or the judicious use of anti-inflammatory 86
agents, aiming not only to preserve performance but also to maintain long-term health 87
[8,12,13]. 88

Considering the relevance of RT for athletic performance and the evidence linking 89
intense exercise sessions to increased oxidative stress, it is essential to identify how differ- 90
ent training methods influence redox and neuromuscular system in Paralympic power- 91
lifting athletes. It is worth noting that Paralympic athletes and athletes without disabilities 92
may exhibit specific physical and performance characteristics during the bench press ex- 93
ercise, highlighting the need to investigate responses to specific training in this population 94
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[14]. In addition, the bench press requires coordinated force production and postural sta- 95
bilization, which may be influenced by the functional characteristics of Paralympic ath- 96
letes. Previous studies have demonstrated differences in hemodynamic responses be- 97
tween Paralympic and able-bodied weightlifters following the bench press, further rein- 98
forcing the importance of considering the physiological responses specific to each popu- 99
lation . In this context, the present study aimed to investigate the effects of traditional and 100
eccentric training methods on oxidative stress biomarkers and physical performance in 101
this population. We hypothesized that ET would induce a greater increase in acute oxida- 102
tive stress biomarkers compared with traditional training (TT) and that ET would also 103
enhance strength performance in Paralympic powerlifters. 104

2. Materials and Methods 105

During the first visit to the laboratory, Paralympic powerlifting (PP) athletes from 106
the Federal University of Sergipe, Brazil, provided written informed consent and under- 107
went the one-repetition maximum (1-RM) test. They were also familiarized with both tra- 108
ditional training (ITT) and eccentric training (ET) protocols. This was a crossover study, 109
with half of the sample initially assigned to each intervention until all athletes completed 110
both methods, as illustrated in figure 1. Week 1 was used for familiarization, Week 2 for 111
the first experimental condition, followed by a 96-hour washout period, and Week 3 for 112
the second experimental condition. The washout period was implemented to allow recov- 113
ery from the previous training session and to minimize potential carry-over effects. Ath- 114
letes were tested in the laboratory on nine occasions over a 21-day period (3 weeks), with 115
each session separated by at least 24 hours. 116

In this study, the oxidative stress biomarkers assessed were thiobarbituric acid reac- 117
tive substances (IBARS) and sulfhydryl groups (SH). For each training method (IT and 118
ET), evaluations were conducted at baseline, immediately post-exercise, and at 2, 24, and 119
48 hours post-exercise for TBARS and SH. For strength indicators, assessments were per- 120
formed at baseline, immediately post-exercise, and 24 and 48 hours after training. 121

To monitor pain and ensure adherence to the protocols, a digital pressure algometer 122
was used. All athletes presented average values between nine and ten (on a 0-10 scale), 123
indicating full recovery following the training sessions. Participants were instructed to 124
maintain their regular diet and habitual routines regarding hydration, sleep, and daily 125
activities, abstain from exercise for 72 hours before each session, as well as to avoid med- 126
ications, caffeine, or pre-workout supplementation. These factors were not formally mon- 127
itored using diaries or questionnaires. Additionally, all athletes were already experienced 128
with high-intensity training loads (greater than 80% of 1-RM) as part of their Paralympic 129
preparation [16]. 130

2.1. Sample 131

Fifteen elite male athletes, ranked among the top ten in their respective categories, 132
participated in this study. Inclusion criteria required a minimum of 18 months of compet- 133
itive experience and eligibility under the Brazilian Paralympic Committee. Athletes vol- 134
unteered to participate and provided written informed consent in accordance with Reso- 135
lution 466/2012 of the Brazilian National Commission for Research Ethics (CONEP) of the 136
National Health Council (CNS), in compliance with the Declaration of Helsinki (1964, re- 137
vised in 2013) of the World Medical Association. 138

The sample size was determined using the open-source software G*Power® (version 139
3.0; Berlin, Germany), adopting an “F family statistic (ANOVA)” with a standard a <0.05, 140
[3=10.80, for the rate of force development (RFD) in Powerlifting athletes. This allowed for 141
an estimated sample power of 0.80, with a minimum of eight individuals per condition, 142
suggesting that the sample is adequate. The observed power in blood indicators and static ~ 143
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strength indicators was greater than 0.80. Corroborating this, other studies that worked 144
with similar indicators and with a population of Paralympic athletes used similar samples 145
[17,18] 146

This study was approved by the Research Ethics Committee of the Federal University 147
of Sergipe (ID-CAAE: 67953622.7.0000.5546) under decision number 6.523.247, issued on 148

November 22, 2023. 149
Table 1. Sample characteristics. 150
Variables Values
Age (years) 31,87+9,14
Experience (years) 6.09+1.30
Body mass (kg) 79,17+18,64
Bench press 1RM (kg) 130,00+£32,93
1RM / Body mass 1,68+0,36
2.2. Instruments 151
Blood sample collection 152

Venous blood samples were collected from the antecubital vein of the forearm, total- 153
ing 10 mL per participant [8]. The collection was performed by qualified nursing profes- 154
sionals using vacuum tubes containing EDTA as an anticoagulant. Immediately after col- 155
lection, the samples were properly stored and transported to the Clinical Analysis Labor- 156
atory of the University Hospital of the Federal University of Sergipe (Aracaju, Sergipe, 157
Brazil). Subsequent biochemical analyses were conducted by a certified biochemist, fol- 158
lowing established laboratory protocols. 159

Biomarkers of Oxidative Stress 160

For oxidative stress analysis, blood samples were centrifuged at 3000xg for 10 161
minutes to separate plasma and serum, which were subsequently aliquoted and stored at 162
4 °C until analysis. Oxidative stress markers were quantified in serum. Lipid peroxidation 163
was assessed through thiobarbituric acid reactive substances (TBARS) concentration [19]. 164
Briefly, 200 uL of each sample were added to a reaction solution containing 400 uL of an 165
equimolar mixture of trichloroacetic acid (TCA, 15%), HCI 0.25 N, and thiobarbituric acid 166
(TBA, 0.375%), supplemented with butylated hydroxytoluene (BHT, 2.5 mM) and 40 uL 167
of sodium dodecyl sulfate (SDS, 8.1%). The samples were then heated at 95 °C for 30 168
minutes. The pH of the solution was adjusted to 0.9 using concentrated HCl. The presence 169
of BHT aimed to prevent additional lipid peroxidation reactions during heating. After 170
cooling to room temperature, 4 mL of butanol were added, followed by centrifugation at 171
800xg for 15 minutes at 4 °C. The absorbance of the supernatant was measured at 532 nm. 172
TBARS concentration was calculated using a molar extinction coefficient of 1.54 x 10> M 173
cm™, and the results were expressed as nmol MDA equivalents/mL plasma. 174

The quantification of sulthydryl groups (SH) was performed according to the method 175
proposed by [20]. For this procedure, 50 pL of plasma were added to 1 mL of Tris-EDTA 176
buffer (1 mM), and the first absorbance reading was taken at 412 nm (A1). Next, 20 uL of 177
5,5'-dithiobis (2-nitrobenzoic acid) (DTNB, 10 mM in methanol) were added to the mix- 178
ture, and after 15 minutes at room temperature, a second reading (A2) was obtained. The 179
blank control (B) was prepared with DTNB and Tris-EDTA buffer, without plasma. The 180
final concentration of total sulfthydryl groups was expressed in mM, using the molar ab- 181
sorption coefficient of 13,600 M cm™, and calculated as: (A2 - A1 - B) x 1.57 mM. 182

Isometric strength indicators 183

Measurements of muscle strength, Rate of Force Development (RFD), and maximum 184
strength up to 1 second (MS1s) were obtained using a Chronojump load cell (Chronojump, 185
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Bosco System, Barcelona, Spain) attached to a flat bench with Spider HMS carabiners (Si- 186
mond, Chamonix, France), with a breaking load of 21 kN, certified by the Union Interna- 187
tionale des Associations d’Alpinisme (UIAA). A steel chain with a breaking load of 2300 188
kg was used to anchor the load cell to the bench [21]. 189

Pressure pain threshold 190

Pain sensitivity was evaluated using a digital algometer (Force Gage, Wagner FDM® 191
model, Wagner Instruments, Greenwich, CT, USA), equipped with a 1 cm? rubber disc 192
coupled to a calibrated manometer providing readings in kgf/cm?. The disc was previ- 193
ously sanitized with 70% alcohol and covered with PVC plastic film to ensure aseptic con- 194
ditions. During the assessment, participants were instructed to indicate the moment when 195
the applied pressure elicited a painful sensation, which was recorded as the pain thresh- 196
old. Measurements were taken at the midpoint of the pectoralis, deltoid, and triceps bra- 197
chii muscles. For data analysis, the arithmetic mean of the three values obtained wasused 198
[22]. 199

Load determination 200

To determine 1RM, each participant performed a single repetition based on the load 201
used in their most recent competition, with incremental adjustments of 2.4-2.5% until the 202
exact IRM value was achieved [21]. A recovery interval of 3 to 5 minutes was allowed 203
between attempits. 204

Warm-up (pre-test exercises) 205

At the beginning of each testing session, athletes performed a general warm-up tar- 206
geting the muscles involved in the movement, consisting of three sets of 10 to 20 repeti- 207
tions. Subsequently, a specific warm-up was carried out on the bench press exercise, using 208
30-50% of the 1RM load, with 10 slow repetitions followed by 10 fast repetitions [17]. 209

2.3. Procedures 210

During the initial visit, aimed at familiarization with the procedures, body mass was 211
measured with the participant seated on an electronic wheelchair-adapted scale (Michel- 212
etti®, Sdo Paulo, Brazil), with a maximum capacity of 300 kg and dimensions of 5.0 x 102 213
x 120 cm. Subsequently, the one-repetition maximum (1RM) was determined. For the ex- 214
ecution of the bench press exercise, an official bench (Eleiko Sport AB®, Halmstad, Swe- 215
den), certified by the International Paralympic Committee, with a total length of 210 cm, 216
was used. The barbell employed measured 220 cm in length and weighed 20 kg (Eleiko 217
Sport AB®, Halmstad, Sweden). 218

The Traditional Training (TT) protocol employed a load corresponding to 80% of 219
1RM during both the concentric and eccentric phases [23]. The Eccentric Training (ET) 220
protocol, in turn, applied 80% of 1RM in the concentric phase and 110% in the eccentric = 221
phase, with a 30% reduction of the supramaximal load at the end of the eccentric action 222
[24]. 223

2.4. Statistical Analysis 224

Data were analyzed using SPSS 22.0 software, with significance set at p <0.05. Sample 225
power was calculated with G*Power (effect size f = 0.8; a < 0.05; 1-p = 0.95), indicating a 226
required sample size of 16 participants. Two-way ANOVA with Bonferroni post hoc and 227
t-tests for effect size [25] were applied. 228

Descriptive statistical analysis was performed using measures of central tendency, 229
presenting the mean (X) + standard deviation (SD) and 95% confidence intervals (95% CI). 230
The Shapiro-Wilk test was applied to assess the normality of the variables, taking sample 231
size into account. All analyzed variables demonstrated homogeneity and normal distri- 232
bution. Performance was evaluated using two-way ANOVA [25], followed by Bonferroni 233
post hoc tests, considering two conditions (TT and ET) and four time points (pre, post, 24 234

https://doi.org/10.3390/xxxxx



Sports 2026, 14, x FOR PEER REVIEW

6 of 15

h, and 48 h), with the analysis considering the main effects of training condition, time, and
the condition x time interaction. Where baseline differences were observed, the discrepant
value was included as a covariate, and an ANCOVA was performed. Effect sizes were
classified as small (< 0.05), medium (0.05 to 0.25), large (0.25 to 0.50), and very large (>
0.50). The t-test was also employed for effect size analysis (Cohen’s d), adopting the fol-
lowing classifications: small (< 0.20), medium (0.20 to 0.80), large (0.80 to 1.20), and very
large (> 1.20) [25,26].

3. Results

Table 2 presents the results for oxidative stress markers thiobarbituric acid reactive
substances (TBARS) and sulthydryl groups (SH) as well as for the rate of force develop-

ment (RFD) and maximum strength up to 1 second (MSl1s).

Table 2. Oxidative stress markers: Thiobarbituric Acid Reactive Substances (TBARS), Sulfhydryl
Groups (SH), Rate of Force Development (RFD), and maximum strength up to 1 second (MSlIs)

(Mean * SD; 95% CI) were assessed at different time points following Traditional and Eccentric

Training in Paralympic Powerlifting athletes.

TBARS SH (B) RFD MSi1s
Warm-up (nmol/mL) (nmol/mL) (N/s) (N/s)
X+SD X+SD X+SD X+SD
(95% CI) (95% CI) (95% CI) (95% CI)
0,14+0,05 165,27+108,87 5872,28+6105,10 761,72+255,01 a

Traditional Before

Eccentric Before

Traditional After

Eccentric After

Traditional 24 Hours

Eccentric 24 Hours

Traditional 48 Hours

Eccentric 48 Hours
H

AvsB

CvsD

(0,11-0,17)

0,12+0,03
(0,11-0,13)

0,13+0,04
(0,11-0,15)

0,130,03
(0,11-0,15)

0,14+0,05 a
(0,11-0,17)

0,110,02 a
(0,10-0,12)

0,13£0,05
(0,11-0,16)

0,12+0,03
(0,10-0,13)

p=0,04
d=0,93

p=1,00
d=0,00

(104,98-225,56)

435,08+281,08 a,b
(279,43-590,74)

419,50+312,01 ¢, d,e
(246,72-592,29)

708,05+379,54
(497,87-918,23)

230,13+124,59 f.g
(161,14-299,13)

852,63+243,81 a,c,£h
(717,61-987,65)

181,03+101,56 e,h,i
(124,78-237,27)

791,13+253,73 b,d,g i
(650,62-931,64)

p<0,001
d=1,25

p<0,001
d=1,09

(2491,39-9253,17)

7954,49+6241,27
(4498,19-11410,80)

3834,58+3651,27 a,b

(1812,57-5856,59)

8399,71+6548,48 b
(4773,28-12026,13)

5427,16+5058,36
(2625,93-8228,39)

5511,89+3584,10
(3527,08-7496,69)

7621,02+6014,49 a
(4290,31-10951,73)

10042,45+6986,14
(6173,65-13911,25)
p=0,10

d=0,46

p<0,001
d=0,98

(620,50-902,94)

698,25+237,50 d
(566,73-829,77)

610,99+256,86 a,b
(468,74-753,23)

620,20+219,65 d, e
(498,56-741,84)

672,114262,60 ¢
(526,68-817,53)

666,71254,09
(526,01-807,42)

764,03+228,60 b,c
(637,43-890,62)

710,712238,02 e
(578,90-842,52)

p=0,20
d=0,35

p=0,85
d=0,05
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EvsF

GvsH

n2p

p=0,01 p<0,001 p=0,93 p=0,91
d=0,79 d=3,54 d=0,02 d=0,03
p=0,29 p<0,001 p=0,08 p=0,25
d=0,29 d=3,16 d=0,49 d=0,31
“a” p=0,014 “3"p=0,010* “a p=0,002*
“b,d” p=0,016 “b”p=0,015# “b” p<0,001*
“c” p=0,022 “c” p=0,029*
“a p=0,0474
ar “e” p=0,001 “d” p=0,002*
“f ¢ h,i” p<0,001 “e p=0,019*
0,238*
170* 21 ! 463*
0,170 0,213 oo 0,463

p <0.05 (ANOVA two-way, and Bonferroni post hoc, ES 1)2p). A vs B; A vs C and B vs C (test t and
ES Cohen “d”). B: ANCOVA. 1n2p = partial eta square (small effect <0.05, medium effect 0.05 to 0.25,
high effect 0.25 to 050, and very high effect (>050). The repeated letters (a-a, b-b, c-c, d-d, e-e) repre-

sent where the statistical differences are. * Intraclass, # Interclass. * Intraclass, # Interclass.

For TBARS, a significant difference was observed at 24 h between Traditional Train-
ing (0.14 + 0.05 nmol/mL, 95% CI 0.11-0.17, p = 0.047) and Eccentric Training (0.11 + 0.02
nmol/mL, 95% CI0.10-0.12, p =0.047, F(1,14)=2.097, interclass, n?p = 0.170, medium effect).

For SH, ANCOVA, significant differences were found at the Eccentric Before moment
and Eccentric 24 (“a” p=0.014); between Eccentric Before and Eccentric 48 (“b” p=0.014);
Traditional After and Eccentric 24 (“c” p=0.022); Traditional After and Eccentric 48 (“d”
p=0.016); Eccentric After and Traditional 48 (“e” p=0.001); Traditional 24 and Eccentric 24
(“f” p<0.001); Traditional 48 and Eccentric 48 (“g” p<0.001); Eccentric 24 and Traditional
48 (“h” p<0.001); and Traditional 48 and Eccentric 48 (“i” p<0.001, n?p = 0.213, medium
effect).

For RFD, in the Traditional Training condition, significant differences were observed
After (3834.58 + 3651.27 N/s, 95% CI 1812.57-5856.59) and at 48 h (7621.02 + 6014.49 N/s,
95% CI 4290.31-10951.73, , p = 0.010, F(3,42)=4.383, intraclass, n?p = 0.238, medium effect).
At the After moment, TT (3834.58 + 3651.27 N/s, 95% CI 1812.57-5856.59) differed signifi-
cantly from ET (8399.71 + 6548.48 N/s, 95% CI 4773.28-12026.13, p = 0.015, F(1,14)=4.253,
interclass, n?p = 0.233, medium effect).

For MSTs, in the Traditional Training condition, significant differences were found
between Before (761.72 + 255.01 N, 95% CI 620.50-902.94) and After (610.99 + 256.86 N,
95% C1468.74-753.23, p =0.002), as well as between After and 48 h (764.03 +228.60 N, 95%
CI 637.43-890.62, p < 0.001). Additional differences were observed between 24 h (672.11 +
262.60 N, 95% CI 526.68-817.53) and 48 h (764.03 + 228.60 N, p = 0.029). In the Eccentric
Training condition, significant differences were found between Before (698.25 + 237.50 N,
95% CI 566.73-829.77) and After (620.20 +219.65 N, 95% CI 498.56-741.84, p = 0.002), and
between After and 48 h (710.71 £ 238.02 N, 95% CI 578.90-842.52, p = 0.019, F(3,42)=12.057,
intraclass, n2?p = 0.463, large effect).

The results presented in Figure 2 indicated pain in Pectoralis, Deltoid and Triceps
muscle
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Figure 2. Pressure pain threshold in the (A) pectoralis, (B) deltoid, and (C) triceps muscles at different
time points following Traditional and Eccentric Training in Paralympic Powerlifting athletes. 3: AN-
COVA

No significant differences were observed in the pectoralis muscle (p > 0.005). In the
deltoid muscle, no significant difference was found in ANCOVA test (p>0.005).

In the triceps muscle, a significant difference was observed at 48 h Post-session be-
tween Traditional Training (9.46 + 0.83 Kgf, 95% CI 9.00-9.93) and Eccentric Training
(10.00 £ 0.00 Kgf, 95% CI 10.00-10.00, p = 0.026, F(1,14)=3.048, interclass, n% = 0.179, me-
dium effect).

4. Discussion

The objective of our study was to investigate the effects of traditional and eccentric
training methods on oxidative stress biomarkers and physical performance in Paralympic
powerlifting athletes. The findings of this study partially confirm the initial hypothesis. As
expected, eccentric training induced a greater acute increase in oxidative stress biomarkers
compared with traditional training, as evidenced by higher sulfhydryl group levels and
time-dependent differences in thiobarbituric acid reactive substances, particularly at 24
and 48 hours post-exercise. These data reinforce the capacity of eccentric training to mod-
ulate the cellular redox system, promoting a greater adaptive stimulus. However, alt-
hough eccentric training showed a trend toward improvement in the rate of force devel-
opment after 48 hours, no differences were observed in maximum isometric strength up
to 1 second between the training methods evaluated.

4.1. Oxidative stress markers: Thiobarbituric Acid Reactive Substances (TBARS) and Sulfhydryl
Groups (SH)

A significant increase in Sulfhydryl Group (SH) concentration, classical biomarkers
of endogenous antioxidant capacity, observed in the group subjected to Eccentric Training
(ET) at all post-exercise time points (p <0.001; n?p = 0.845), indicating a pronounced change
in this marker of redox status. Because SH concentration is an indirect and nonspecific
indicator of antioxidant capacity, this finding should be interpreted cautiously and does
not by itself demonstrate an increase in antioxidant capacity or activation of specific cel-
lular defense mechanisms. SH groups act directly in neutralizing reactive oxygen species,
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being essential for maintaining structural and functional cell integrity in the face of oxi- 313
dative challenges [27]. The observed increase in SH may reflect a modulation of the redox 314
environment following ET; however, the specific mechanisms underlying this response 315
cannot be determined from the present data. 316

This consistent elevation suggests the activation of cellular defense mechanisms com- 317
patible with the hormesis hypothesis induced by exercise, according to which controlled 318
exposures to oxidative stress result in beneficial adaptations, strengthening cellular de- 319
fense systems [13,28]. Several studies suggest that eccentric exercise, in addition to pro- 320
moting greater initial ROS generation due to high mechanical tension, also stimulates mi- 321
tochondrial biogenesis and the expression of antioxidant enzymes such as glutathione pe- 322
roxidase and superoxide dismutase, favoring more efficient cellular recovery and a more 323
balanced redox environment [12,29]. 324

Oxidative stress is defined as an imbalance between ROS production, such as super- 325
oxide anion (O5"), hydrogen peroxide (H»O,), and hydroxyl radical (OH) and the capacity 326
of the endogenous antioxidant system to neutralize them. During high-intensity exercise, 327
such as ET, there is an acute increase in mitochondrial activity, NADPH oxidation, and 328
the activation of enzymes such as NADPH oxidase and xanthine oxidase, leading to ex- 329
cessive ROS formation [6,6]. These reactive molecules can damage lipids, proteins, and 330
nucleic acids, affecting cellular integrity and promoting important functional alterations 331
in skeletal muscle. However, this transient oxidative stress can trigger an adaptive re- 332
sponse via Nrf2/ARE, resulting in increased expression of antioxidant enzymes such as 333
glutathione peroxidase, superoxide dismutase (SOD), and catalase [27,29]. Thus, exercise- 334
induced oxidative stress acts as a relevant biological signal, favoring adaptive mecha- 335
nisms, provided that the redox imbalance does not compromise cellular homeostasis. 336

In the context of adapted sports, such adaptations acquire even greater relevance. Par- 337
alympic athletes, such as powerlifting practitioners, often face additional physiological 338
challenges, including altered muscle perfusion, reduced mobility, and differentiated body 339
composition. In these cases, an optimized antioxidant system is crucial to ensure metabolic 340
efficiency, reduce recovery time, and sustain performance in high-intensity sessions 341
(Vilela et al., 2021; Zhou et al., 2022). 342

The large effect size identified (n?p = 0.845) reinforces the magnitude of this adapta- 343
tion, suggesting that well-designed eccentric protocols not only optimize performance but 344
also act as efficient modulators of redox balance. These findings corroborate recent litera- 345
ture highlighting resistance training, particularly with eccentric emphasis, as an effective 346
strategy to induce systemic antioxidant adaptations [12]. 347

Additionally, a significant reduction in TBARS (thiobarbituric acid reactive sub- 348
stances), an indirect marker of lipid peroxidation, was observed in the ET group after 24 349
hours (p = 0.047; n?% = 0.130). Despite the moderate effect, this result suggests a reduction 350
in lipid peroxidation as reflected by TBARS, although the nonspecific nature of this 351
marker prevents direct inference regarding reduced oxidative damage to cell membranes 352
or enhanced antioxidant activity. 353

4.2. Rate of Force Development (RFD) 354

A significant improvement in RFD was observed 48 hours after ET (p = 0.015; np = 355
0.177), suggesting a favorable change in rapid force production following the eccentric 356
training condition. Although this response may be related to the mechanical overload im- 357
posed by active lengthening [31,32], the specific neuromuscular mechanisms underlying 358
the increase in RFD cannot be determined from the present study because motor unit re- 359
cruitment and neural activation were not directly assessed. 360

From a functional perspective, these findings suggest that ET may be a viable training 361
strategy for Paralympic athletes when appropriately prescribed and monitored. However, = 362
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the present findings reflect acute responses and do not establish the long-term effective- 363
ness or safety of ET. 364

4.3. Maximum Strength up to 1 second (MS1s) 365

The immediate reduction in MS1s observed in both groups, with complete recovery 366
within 48 hours, indicates that this parameter is sensitive to acute neuromuscular fatigue 367
but not sufficiently discriminative regarding the type of training stimulus. Despite the 368
large effect size (n?%p = 0.463), the absence of statistical differences between methods sup- 369
ports the hypothesis that MS1s predominantly reflects transient fatigue status rather than 370
a differential acute response between training methods. Nonetheless, its utility lies in 371
monitoring post-exercise recovery, serving as a practical marker of the restitution of func- 372
tional capacity [9]. 373

MSI1s represents a useful indicator for tracking neuromuscular recovery, particularly 374
in protocols involving heavy loads and short inter-session intervals. However, its limited = 375
sensitivity to differences between training methods suggests that it should not be applied 376
in isolation to detect specific neuromuscular adaptations. As proposed by [16], a combined 377
approach including electromyographic, biomechanical, and biochemical parameters may 378
provide a more robust analysis of physiological responses to exercise. 379

It is well established that high-intensity exercise promotes a transient reduction in 380
rapid force production capacity. This decline is mediated by both peripheral mechanisms, 381
such as impairments in excitation—contraction coupling and intracellular disturbances, 382
and central mechanisms, including reduced voluntary activation due to neural fatigue 383
[33]. Although acute, these effects may persist for 24 to 72 hours post-exercise, depending 384
on volume, intensity, and session characteristics [34]. Resistance training also induces rel- 385
evant central adaptations, reflected in increased excitability of the motor cortex, cortico- 386
spinal tract, and anterior horn motoneurons. This neural plasticity, evidenced by enhanced 387
motor neuron excitability and improved spinal reflex modulation, contributes to more ef- 388
ficient motor responses [3,4]. Such adaptations represent a fundamental component of neu- 389
romuscular adjustments to training and directly contribute to improved functional perfor- 390
mance, particularly in sports requiring explosiveness and refined motor control, such as 391
Paralympic Powerlifting. 392

4.4. Pressure Pain Threshold (PPT) 393

The analysis of PPT revealed distinct responses between training methods and across 394
the muscle groups evaluated. In the pectoralis major, a significant reduction in PPT was 395
observed at 24 hours only in the traditional group (p = 0.022; n?%p = 0.141), indicating in- 39
creased mechanical sensitivity and the presence of delayed-onset muscle soreness 397
(DOMS). Conversely, the eccentric group exhibited an attenuated reduction with full re- 398
covery at 48 hours, possibly due to controlled eccentric overload and protective adapta- 399
tions against microdamage and inflammation. In the anterior deltoid, both methods pro- 400
moted a reduction in PPT at 24 hours; however, recovery was faster in the eccentric group 401
(p=0.030; n% = 0.117), consistent with evidence that progressive eccentric loading reduces 402
pain perception and muscle damage. Regarding the triceps brachii, only the eccentric 403
group demonstrated a significant improvement in PPT at 48 hours (p = 0.019; )?p = 0.132), 404
which may be related to greater myofibrillar activation and structural reorganization pro- 405
moted by this type of stimulus. 406

Variations in PPT responses across muscle groups may be attributed to their specific 407
fiber composition and biomechanical function. Muscles with a higher proportion of type II 408
fibers, such as the pectoralis major, are more susceptible to exercise-induced damage, 409
which may explain the greater sensitivity observed in the traditional group. Conversely, 410
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muscles like the triceps brachii appear to benefit more rapidly from eccentric training ad- 411
aptations, resulting in a more efficient recovery of PPT. In Paralympic powerlifting ath- 412
letes, factors such as trunk fixation and activation patterns during the bench press directly 413
influence training responses [35]. 414

Localized strength analysis revealed that the deltoid experienced a significant reduc- 415
tion in strength 24 hours post-exercise only in the traditional group (p = 0.025; n%p =0.129), 416
whereas the triceps displayed a slight superiority in the eccentric group after 48 hours (p = 417
0.026; n?% = 0.143). These findings suggest that different training methods elicit specific 418
responses in distinct muscle groups, which may be relevant when considering individual- 419
ized training prescription and post-exercise recovery. 420

The decline in deltoid strength observed in the traditional group may be explained 421
by acute neuromuscular fatigue; however, the specific physiological mechanisms cannot 422
be determined from the present data [16,33]. In contrast, although eccentric training im- 423
poses high mechanical demands, the greater triceps strength observed after 48 hours may 424
indicate a favorable recovery response, although the mechanisms underlying this finding 425
remain uncertain [24,31]. 426

The importance of individualized training prescription becomes even more evident 427
when considering the specific role and differential sensitivity of muscles involved in Par- 428
alympic powerlifting. The triceps, for example, plays a crucial role in elbow extension dur- 429
ing the bench press, being fundamental for competitive performance and injury prevention 430
[5,35]. In this sense, training strategies that promote efficient recovery and adaptation, such 431
as eccentric training, may be particularly beneficial for this muscle group. 432

Moreover, the modulation of exercise-induced oxidative and inflammatory responses 433
may influence muscle recovery and post-training strength maintenance [8,28]. Since fa- 434
tigue and oxidative stress affect each muscle differently, the choice of training method 435
should consider these particularities to prevent functional impairment and foster positive 436
adaptations. 437

4.5. Study Limitations 438

This study has some limitations, including the sample size, which consisted of only 439
15 male athletes; however, it should be noted that the sample comprised elite athletes. Itis 440
also important to highlight that there are only ten weight categories in Paralympic power- 441
lifting, with some athletes competing in national competitions and others representing 442
their country in international events. Additionally, diet, hydration, and sleep were not 443
controlled. Although participants were instructed to maintain their usual routines, these 444
factors were not formally monitored and may have contributed to the variability in bio- 445
chemical responses. 446

To deepen the understanding of adaptations induced by eccentric training (ET) in 447
Paralympic powerlifting athletes, future investigations should explore the specific molec- 448
ular and cellular mechanisms underlying antioxidant responses in different muscle 449
groups. Furthermore, it is important to assess the combination of ET with other training 450
modalities, such as concentric training [36], isometric training [37], elastic band resistance 451
[38], or variable resistance [39] among others, to elucidate potential synergistic effects on 452
performance and muscle recovery. 453

Long-term studies analyzing the impact of this method on injury prevention and 454
competitive performance in athletes with different types of impairments are also necessary 455
to validate its practical application. There was no formal monitoring or recording. Partici- 456
pants maintained their usual routines, which may have introduced variability in the 457
TBARS/SH markers. Finally, the development of individualized protocols based on con- 458
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tinuous monitoring of oxidative biomarkers and neuromuscular parameters may contrib-
ute to more precise adjustments in training prescription, optimizing outcomes and promot-
ing greater safety and efficiency in adaptive sports such as Paralympic powerlifting.

5. Conclusion

In this study, eccentric training (ET) was observed to consistently increase sulfhydryl
group concentrations at all post-exercise time points and to reduce thiobarbituric acid re-
active substances (TBARS) levels at 24 hours, indicating changes in redox-related bi-
omarkers and reduced TBARS, respectively. Given the indirect and nonspecific nature of
these biomarkers, these findings should not be interpreted as direct evidence of enhanced
antioxidant capacity or reduced cellular oxidative damage. Rate of Force Development
(RFD) also tended to increase 48 hours after ET. Maximum strength up to 1 second (MS1s)
tended to decrease immediately after exercise but recovered after 48 hours. Traditional
training (TT) tended to reduce pressure pain threshold (PPT) in the pectoralis major at 24
hours, whereas ET attenuated this decrease and promoted faster recovery. In the triceps
brachii, only ET tended to increase PPT at 48 hours. Localized muscle strength in the del-
toid tended to decrease 24 hours after TT, while in the triceps it tended to increase 48 hours
after ET.

Overall, performance-related responses varied across the evaluated outcomes and
muscle groups, with ET showing favorable acute responses in RFD, triceps strength, and
selected PPT measures. These findings suggest that ET may represent a useful training
option when properly prescribed and monitored, particularly regarding short-term recov-
ery and selected performance outcomes.
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3. CONCLUSOES GERAIS

No inicio da presente investigacdo foram estabelecidas determinadas
guestdes norteadoras, cujas respostas seriam buscadas ao longo do
desenvolvimento do estudo. Dessa forma, a partir dos resultados obtidos nas
analises realizadas, foi possivel responder de maneira objetiva as hipoteses

inicialmente propostas.
Abaixo estao as conclusdes especificas por estudo:

1. Quais os efeitos de diferentes métodos de treinamento de forca (tradicional e
excéntrico) sobre indicadores de forca estatica (forca isométrica maxima e tempo
para alcancar a forca isométrica maxima), ativacdo muscular e temperatura da

pele em atletas de powerlifting paralimpico?

Neste estudo, foi observado que os musculos envolvidos no exercicio de
supino apresentaram um aumento significativo na temperatura da pele apdés a
aplicacdo do método de treinamento excéntrico, em comparacdo ao meétodo
tradicional. Tal achado foi verificado na resposta aguda ao exercicio, indicando uma
elevada ocorréncia de fadiga muscular. Ademais, verificou-se um incremento
substancial na producdo de Forca Isométrica Maxima apdés a realizagdo do
treinamento excéntrico, evidenciando sua influéncia ndo apenas na fadiga muscular,
mas também no aumento adicional da producao de forca.

Do ponto de vista pratico, conforme anteriormente mencionado, o método
excéntrico mostra-se mais eficaz na resposta aguda ao exercicio de supino,
especialmente devido a utilizacdo de cargas elevadas, resultando em maiores
adaptacdes neuromusculares. Entretanto, € fundamental reconhecer que o tempo de
recuperacdo muscular tende a ser mais prolongado. Dessa forma, os treinadores
devem avaliar cuidadosamente, planejar e periodizar o0 método de treinamento e o

periodo de recuperacdo adotados para atletas do Powerlifting Paralimpico.

2. Quais os efeitos agudos do treino tradicional e excéntrico na temperatura da pele

e desempenho neuromuscular em atletas de powerlifting paralimpico?

Neste estudo, o treino excéntrico aumentou significativamente a temperatura

da pele dos musculos peitoral maior e deltoide anterior 48 horas apds o exercicio,
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indicando maior dano muscular e adaptacdes neuromusculares intensas, mas com
recuperacdo mais lenta da forca isométrica maxima, velocidade maxima e poténcia
em comparagao ao treino tradicional. Este, por sua vez, favoreceu uma recuperacao
mais rapida e consisténcia no desempenho.

Com isso, recomenda-se a aplicacdo estratégica do treino excéntrico em
fases de periodizacdo destinadas ao desenvolvimento de forgca maxima e hipertrofia,
como nas etapas de base ou de preparacao geral, aproveitando sua capacidade de
induzir adaptacbes neuromusculares profundas, desde que acompanhado de
intervalos de recuperacéo prolongados para mitigar os efeitos do dano muscular. Por
outro lado, o treino tradicional é mais indicado para periodos proximos a
competicdes ou fases de manutencdo, onde a rapida restauracdo da capacidade
funcional e a estabilidade do desempenho séo prioritarias, otimizando a preparacao

dos atletas de powerlifting paralimpico para eventos competitivos.

3. Quais os efeitos do treinamento excéntrico na modulacdo do estresse oxidativo e

na melhoria da performance em atletas de powerlifting paralimpico?

Neste estudo, observou-se que o treinamento excéntrico tende a aumentar a
concentracdo de grupos sulfidrilas em todos os momentos apds 0 exercicio e a
reduzir os niveis de substancias reativas ao acido tiobarbitarico apés 24 horas, o que
sugere um valor aumentado de atividade antioxidante e um valor reduzido de
peroxidacdo lipidica. A taxa de desenvolvimento de forca também tende a
apresentar valores aumentados 48 horas ap0s o treinamento excéntrico. A forca
maxima até um segundo tende a diminuir imediatamente apds o exercicio e a se
recuperar apos 48 horas. O treinamento tradicional tende a reduzir o limiar de dor no
peitoral maior em 24 horas, enquanto o treinamento excéntrico tende a atenuar essa
gueda e a promover uma recuperacdo mais rapida. No triceps braquial, apenas o
treinamento excéntrico tende a aumentar o limiar de dor em 48 horas. A forca
localizada no deltoide tende a diminuir apos 24 horas no treinamento tradicional,
enguanto no triceps tende a aumentar apos 48 horas no treinamento excéntrico.

Essas variacdes indicam que o treinamento excéntrico tende a favorecer
valores aumentados de forca e de recuperacdo da dor em grupos musculares
especificos. Dessa forma, o treinamento excéntrico tende a ser uma estratégia
segura para atletas paralimpicos, com potencial para melhorar o desempenho

funcional, acelerar a recuperacéo e fortalecer os mecanismos de defesa contra o
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estresse oxidativo. Esses achados reforcam o valor do treinamento excéntrico no

contexto do esporte adaptado e na preparacao de atletas de alto rendimento.

ABAIXO ESTA A CONCLUSAO GERAL DO ESTUDO

Com base nos resultados obtidos nos trés estudos que compdem esta Tese,
pode-se concluir que o treinamento excéntrico apresenta maior potencial para
promover adaptacdes neuromusculares agudas e sistémicas em atletas de
powerlifting paralimpico, evidenciado pelo aumento significativo da for¢a isométrica
maxima, da taxa de desenvolvimento de forca, da temperatura da pele e da
atividade antioxidante. Apesar de gerar maior dano muscular e demandar periodos
de recuperacdo mais prolongados, esse método se mostrou capaz de modular
positivamente o estresse oxidativo, favorecer a recuperacdo da dor e otimizar o
desempenho de grupos musculares especificos. Por outro lado, o treinamento
tradicional, embora produza menores respostas adaptativas imediatas, demonstrou
maior estabilidade e rapida recuperacao funcional, sendo mais adequado para fases
proximas as competicdes. Dessa maneira, os achados desta investigagdo reforgam
0 papel estratégico do treinamento excéntrico nas fases de desenvolvimento de
forca maxima e hipertrofia, desde que associado a uma adequada periodizacédo e
controle das cargas, contribuindo significativamente para a preparacdo de atletas

paralimpicos de alto rendimento.
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