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Resumo

Na ultima década, o CrossFit consolidou-se como uma pratica de treino de
forca/condicao fisica de alta intensidade e também como um desporto competitivo de
crescente popularidade. Apesar da sua ampla difusdo, persistem incertezas
relativamente aos principais determinantes fisiol6gicos e biomecanicos do desempenho
em Workouts of the Day (WODs), sobretudo quando consideradas diferencas individuais
como o sexo e a experiéncia de treino. Assim, o objetivo geral desta tese consistiu em
analisar de forma integrada as exigéncias fisiologicas e biomecanicas do CrossFit e
identificar os preditores de desempenho em praticantes recreativos. Para tal, foram
seguidos os seguintes passos: i) revisao sistemética da literatura sobre as exigéncias
fisiologicas e biomecanicas do CrossFit; ii) uma analise experimental das associacoes
entre variaveis fisiologicas, biomecanicas e o desempenho no WOD Fran; e iii) um estudo
sobre o impacto do sexo e da experiéncia de treino nas relagcbes entre respostas
fisiologicas, biomecanicas e performance. Os resultados indicaram que o WOD induz
respostas cardiovasculares, metabolicas e neuromusculares elevadas, mas com grande
heterogeneidade metodologica entre estudos. Observou-se que as variaveis como a
ventilacdo, o consumo médio de oxigénio (VO. médio), a frequéncia cardiaca e a poténcia
neuromuscular explicam parte significativa do desempenho no WOD Fran. Além disso,
tendéncias sugerem que a forca maxima e a poténcia relativa poderao ser preditores mais
relevantes em homens, enquanto a capacidade aerébia e a forca de membros superiores
apresentaram maior influéncia nas mulheres. A experiéncia de treino parece contribuir
para melhor performance, possivelmente através da maior eficiéncia técnica e menor
fadiga. Em sintese, os resultados sugerem que a performance no CrossFit podera ser
explicada pela interagdo entre determinantes fisiol6gicas e biomecanicas, moduladas por
caracteristicas individuais, reforcando a importancia de abordagens individualizadas na

prescricdo e monitorizacao do treino nesta modalidade.

Palavras-chave

CrossFit; treino de alta intensidade; fisiologia; biomecanica; performance; sexo;

experiéncia de treino
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Resumo Alargado

O presente capitulo integra e contextualiza o trabalho desenvolvido ao longo da tese de
doutoramento intitulada “CrossFit Specific Performance in Recreational Athletes: The
Importance of Strength and Fatigue Parameters”. Inicia-se com uma introducao geral,
onde s3o apresentadas as questOes centrais de investigacdo, bem como os objetivos
gerais e especificos. Posteriormente, descrevem-se de forma sintética os estudos
realizados, incluindo a revisao sistematica e os trabalhos experimentais. O capitulo
conclui com a exposicao das principais conclusoes alcancadas e com a identificacdo de

perspetivas para futuras investigacoes na area.
Introducao Geral

Durante as ultimas décadas, o CrossFit tem-se afirmado como uma das praticas de
exercicio fisico com maior crescimento a nivel mundial, contando com milhares de
ginasios afiliados e milhGes de praticantes em todos os continentes (Mehrab et al., 2022;
Rios et al.,, 2024). Na sua génese, o CrossFit é uma modalidade de treino de
forca/condicao fisica de alta intensidade, caracterizada pela combinacao de exercicios de
levantamento olimpico, ginastica e condicionamento metabolico realizados em elevada
intensidade e frequentemente sob condic¢oes de fadiga (Feito et al., 2018; Dominski et
al.,, 2022; Malheiro et al., 2025). Esta estrutura multimodal, organizada em treinos
denominados Workout of the Day (WODs), é utilizada tanto para fins de saude e
manutencao da aptidao fisica como para otimizacao da performance (Meier et al., 2022;
Martinez-Gomez et al., 2019; Butcher et al., 2015). Paralelamente, o CrossFit consolidou-
se também como um desporto competitivo, com expressao internacional através dos
CrossFit Games e de circuitos competitivos locais e regionais, nos quais os atletas sao
avaliados pela sua capacidade de completar WODs padronizados no menor tempo
possivel ou com o maior volume de repeticoes (Mangine et al., 2020; Maté-Mufioz et al.,
2017). Esta dupla natureza, simultaneamente modalidade de treino e desporto
competitivo, contribui para a complexidade e relevancia cientifica do CrossFit, tornando-
o um modelo de estudo para investigar as respostas e adaptacOes fisiologicas e
biomecanicas ao exercicio de alta intensidade (Pyzybyliski & Franco, 2022; Stroobant et

al., 2021).

Diversas revisOes narrativas e sistematicas tém evidenciado que o CrossFit induz

melhorias especificas no desenvolvimento da forca e tamanho muscular e capacidade
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cardiorrespiratoria (Claudino et al., 2018; Dominski et al., 2021; Meier et al., 2023).
Contudo, permanece em aberto a questao sobre quais sdo os principais determinantes
fisiologicos e biomecanicos do desempenho em WODs, ja que estudos experimentais
apontam para multiplos fatores, desde variaveis neuromusculares (p. ex., uma repeticao
méaxima [1RM], salto vertical, poténcia) até marcadores fisiologicos (p. ex., consumo
méaximo de oxigénio [VO.max], ventilacdo, lactato sanguineo), sem consenso sobre o
peso relativo de cada um (Butcher et al., 2015 Martinez-Gomez et al., 2019; Mangine et

al., 2020; Zeitz et al., 2020).

Se olharmos para a literatura cientifica, a maioria dos estudos investigou
separadamente dimensoes fisioldgicas ou biomecanicas, sem integrar de forma
sistematica ambos os dominios para compreender o desempenho no CrossFit. Essa
fragmentacao metodolégica limita a interpretacao global das exigéncias impostas pelo
treino e pela competicao, originando resultados muitas vezes contraditorios. Assim,
torna-se pertinente sintetizar a evidéncia existente para identificar os parametros mais
estudados, as metodologias mais consistentes e as lacunas de conhecimento que

justificam novas investigacoes (Estudo 1).

Outra limitacdo recorrente nos estudos publicados é a auséncia de analises de fatores
individuais, como o sexo ou a experiéncia de treino cumulativamente, que podem
influenciar significativamente a resposta as exigéncias fisioldgicas e biomecanicas do
CrossFit. Diferencas bioldgicas entre homens e mulheres, nomeadamente na massa
muscular, nos limiares ventilatérios e na resisténcia a fadiga, assim como o papel da
experiéncia acumulada na eficiéncia técnica e na gestdo de esforco, sugerem que o
desempenho em WODs pode ser determinado por preditores distintos consoante o
subgrupo analisado (Dexheimer et al., 2019; Schlegel & Kiehky, 2022; Zeitz et al.,
2020). Todavia, até ao momento, poucos trabalhos exploraram estas variaveis de forma
comparativa ou preditiva, o que limita a aplicabilidade pratica das recomendacoes para
treinadores e atletas de CrossFit. Neste sentido, justifica-se a realizacao de estudos
observacionais que identifiquem quais os preditores biomecanicos e fisioloégicos que
melhor se relacionam com o desempenho em WODs e de que modo estes variam em

funcao do sexo e da experiéncia de treino (Estudo 2).

Destaca-se também que, mesmo quando se exploram varidveis como a capacidade
ventilatoria, o consumo de oxigénio, a acumulacao de lactato ou a fadiga neuromuscular,
raramente € analisado se o sexo e a experiéncia competitiva atuam como confundidores

ou moderadores das relacoes entre estas respostas agudas ao WOD e o desempenho final
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(Hunter et al., 2023; Malheiro et al., 2025). Essa lacuna metodologica pode levar a
interpretacgoes enviesadas, uma vez que associacoes observadas a nivel global podem nao
se verificar em subgrupos especificos (Hunter et al., 2023; Malheiro et al., 2025). Assim,
torna-se fundamental examinar até que ponto as caracteristicas individuais influenciam
a resposta aguda em variaveis biomecanicas (i.e., neuromusculares) e fisiologicas e a
relacao que essa resposta estabelece com o desempenho em WODs, clarificando as bases
fisiologicas e biomecanicas que sustentam a variabilidade individual durante um WOD

padronizado (Estudo 3).

Objetivos e Hipoteses

Tendo em conta os aspetos referidos, o proposito central desta tese foi contribuir para
uma compreensao mais aprofundada dos fatores fisioldgicos e biomecéanicos que
condicionam o desempenho no CrossFit. Para esse fim, foi delineada uma estratégia de
investigacdo assente em duas vertentes complementares: por um lado, uma sintese
critica da evidéncia existente através de uma revisao sistematica; por outro, a realizagao
de estudos transversais com caracter exploratorio que permitam associar, no intuito de
clarificar, em contexto aplicado, os principais preditores de desempenho biomecanico
e fisiologico no CrossFit. Assim, o objetivo geral da tese consiste em analisar de forma
integrada as exigéncias fisiologicas e biomecanicas do CrossFit e explorar as suas
associacoes com o desempenho em praticantes recreativos, considerando o papel
confundidor do sexo e da experiéncia de treino. Desta forma, os trés estudos que

compoe a presente tese, tém como objetivos:

— Estudo 1: realizar uma revisdo sistematica da literatura para identificar os
principais parametros fisiolo6gicos e biomecanicos analisados no CrossFit e a sua

relacao com o desempenho especifico de competicao.

— Estudo 2: examinar os principais preditores fisiologicos e biomecanicos do
desempenho num WOD padronizado, considerando diferencas associadas ao

sexo e a experiéncia de treino.

— Estudo 3: analisar o papel do sexo e experiéncia de treino enquanto possiveis
confundidores ou moderadores de relacoes entre variaveis fisiologicas e
biomecanicas (p. ex., capacidade ventilatoria, consumo de oxigénio, lactato,

fadiga neuromuscular) e tempo de execucao num WOD padronizado.
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A realizacao desta sequéncia de estudos permitira evoluir de uma sintese compreensiva
do conhecimento existente para uma modelacao preditiva e, finalmente, para uma
explicacdo mecanicista, assegurando uma contribuicdo progressiva e coerente para a
literatura. Em tltima analise, espera-se que esta tese contribua para clarificar os
determinantes do desempenho no CrossFit e forneca orientacdes tuteis para a

prescricdo, monitorizac¢io e individualizagido do treino em atletas desta modalidade.

Desta forma, e de acordo com a literatura previamente publicada, é possivel
compreender que o desempenho no CrossFit resulta de uma interacao complexa entre
componentes fisioldgicas e biomecanicas. Estudos prévios sugerem que a forca
maxima, a poténcia e a eficiéncia neuromuscular se associam a melhores tempos de
execucao (Butcher et al., 2015; Mangine et al., 2020), enquanto variaveis fisiologicas,
como o VO2max, a ventilacao e a capacidade de tamponamento metabdlico, também
parecem contribuir para o desempenho (Martinez-Gomez et al., 2019; Zeitz et al.,
2020). No entanto, estas relacoes sao influenciadas por caracteristicas individuais,
nomeadamente o sexo e a experiéncia de treino, que modulam tanto as respostas
fisiol6gicas como a expressao biomecanica do esforco (Dexheimer et al., 2019; Schlegel
& Krehky, 2022).

Assim, foi definida como hipotese geral da presente tese que o desempenho no CrossFit
é determinado por um conjunto interdependente de fatores fisiol6gicos e biomecanicos,
cuja influéncia relativa varia em funcao do sexo e da experiéncia de treino. No intuito
de responder especificamente a esta hipotese geral, foram estabelecidas trés hipo6teses
especificas, com as devidas justificacoes, correspondendo a cada um dos estudos que

compdem a presente tese, a saber:

— Estudo 1: a hipbétese de que o CrossFit induz respostas fisiolégicas e
biomecéanicas elevadas foi estabelecida com base em estudos prévios que
documentam aumentos significativos na frequéncia cardiaca, VO2max e
concentracao de lactato, bem como reducoes no desempenho neuromuscular
ap6s WODs de alta intensidade (Claudino et al., 2018; Kliszczewicz et al., 2017;
Meier et al., 2023). Hipotese: os estudos publicados sugerem que os
determinantes fisiologicos e biomecanicos do desempenho em WODs sao

multiplos e interdependentes, mas permanecem inconsistentes devido a

heterogeneidade metodoldgica existente.
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— Estudo 2: a hip6tese de que variaveis fisiologicas e biomecanicas se associam ao
desempenho num WOD padronizado foi formulada com base em evidéncia que
relaciona o VO2max, a ventilacao e a poténcia muscular com o rendimento em
tarefas de alta intensidade (Mangine et al., 2020; Schlegel & Ktehky, 2022).
Cria-se a hipotese de que, em praticantes recreativos de CrossFit, medidas
fisiologicas (VO2 médio, frequéncia cardiaca, ventilacdo) e biomecanicas
(poténcia, salto vertical, forca maxima) se associem positivamente ao
desempenho no WOD Fran, considerando ainda que o sexo e a experiéncia de

treino poderao influenciar a magnitude dessas associagoes.

— Estudo 3: a hipotese de que o sexo e a experiéncia de treino atuam como
confundidores das relagdes entre variaveis fisiologicas e biomecanicas e o
desempenho foi sustentada por estudos que demonstraram diferencas entre
homens e mulheres, bem como entre niveis de experiéncia competitiva, nas
respostas ao exercicio de alta intensidade (Dexheimer et al., 2019; Fernandez-
Fernéandez et al., 2022; Schlegel & Kiehky, 2022). Gerou-se a hipotese de que o
sexo e a experiéncia de treino modulam as associacOes entre variaveis
fisiologicas (VO2, ventilagdo, lactato) e biomecanicas (poténcia, fadiga

neuromuscular) com o tempo de execu¢do num WOD padronizado.

A confirmacao, ou eventual refutacdo, das hipoteses propostas permitira clarificar as
relacOes entre variaveis fisiologicas, biomecanicas e o desempenho no CrossFit,
contribuindo para uma compreensao mais integrada das exigéncias desta modalidade.
Para além do seu contributo tedrico, esta investigacdo podera fornecer orientacoes
praticas para a prescricdo e monitorizacdo do treino, sustentadas em evidéncia
cientifica, e apoiar a individualizacdo das estratégias de preparacao fisica em funcao
das caracteristicas dos praticantes. Assim, a presente tese pretende ndo apenas
aprofundar o conhecimento sobre os determinantes do desempenho de CrossFit, mas
também promover a aplicacdo desse conhecimento em contextos reais de treino e

competicao.
Descricao dos Estudos

Estudo 1 — Revisao Sistematica

Foram incluidos uma panoplia de estudos que analisaram as exigéncias fisiologicas e

biomecanicas do CrossFit em praticantes recreativos e atletas de competicao. A pesquisa
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foi realizada nas bases de dados da PubMed/MEDLINE, Web of Science e Scopus.
Identificaram-se 19 estudos que reportaram respostas cardiovasculares, metabdlicas e
neuromusculares associadas ao treino e competicio em CrossFit. Os resultados
mostraram que os WODs induzem valores elevados de lactato sanguineo (8-15
mmol-L71), frequéncia cardiaca proxima do méaximo (>90% da frequéncia cardiaca
maxima) e consumo maximo de oxigénio frequentemente superior a 80% durante o
esforco. Do ponto de vista biomecanico, a for¢a dinamica méxima (1RM), a poténcia do
salto vertical e a velocidade de movimento surgem como indicadores amplamente
utilizados para caracterizar o perfil dos praticantes de CrossFit. No entanto, verificou-se
grande heterogeneidade metodoldgica, auséncia de consenso sobre os principais
determinantes do desempenho e escassa consideracao de variaveis moderadoras como
sexo ou niveis de experiéncia de treino. Estes resultados reforcam a necessidade de

estudos que integrem dimensoes fisioldgicas e biomecanicas em contextos aplicados.

Estudo 2 — Preditores fisioldgicos e biomecanicos do desempenho

Participaram quinze praticantes de CrossFit treinados (8 homens; 7 mulheres; 27.7 + 4.6
anos), classificados em iniciados (n = 7) e experientes (n = 8). Foram avaliados
parametros antropométricos, de forca dindmica maxima (1RM estimado no
agachamento, supino e peso morto), poténcia (salto vertical) e capacidade
cardiorrespiratéria (VO2max, ventilacdo e frequéncia cardiaca). O desempenho foi
medido pelo tempo de execucao do WOD “Fran” (21-15-9 thrusters e pull-ups realizados
no menor tempo possivel). Os resultados mostraram que os atletas do sexo masculino
apresentaram valores superiores de massa corporal, massa muscular, for¢a dinamica
méaxima e capacidade aerdbia relativamente as atletas femininas (p < 0.01). Os atletas
mais experientes completaram o WOD Fran significativamente mais rapido do que os
iniciados, apesar de apresentarem perfis fisiologicos semelhantes, o que sugere que a
experiéncia de treino podera influenciar o desempenho, sobretudo através da
proficiéncia técnica e da gestao de esforco. As analises correlacionais (Spearman p)
revelaram associacoes moderadas e negativas entre o tempo total do WOD e as variaveis
de forca maxima, nomeadamente no agachamento (p = —0.54), no peso morto (p = —
0.56) e no supino (p = —0.65). Contudo, nenhuma destas correlacées permaneceu
estatisticamente significativa apds as correcdes de Holm e FDR. Estes resultados indicam
que a forca dinamica maxima podera contribuir para o desempenho no WOD “Fran”,
embora as evidéncias devam ser interpretadas como exploratorias e carecam de

confirmacao em amostras maiores e estatisticamente mais robustas.
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Estudo 3 — Determinantes fisiologicas e biomecanicas com analise de

confundidores

Na mesma amostra de quinze praticantes de CrossFit (8 homens; 7 mulheres), foram
recolhidas respostas fisioldgicas e neuromusculares antes, durante e ap6s a execucgao
do WOD “Fran”. As medic¢oes incluiram concentracoes de lactato sanguineo, consumo
de oxigénio, ventilacdo, frequéncia cardiaca, percecio subjetiva de esforco (PSE) e
variacao no desempenho de saltos verticais com e sem contramovimento. O tempo
médio de execucao foi de 422.1 + 173.2 s (200—840 s). O melhor desempenho associou-
se a maiores valores de VO2 médio (r = —0.60, p = 0.017), maior ventilacdo média (r =
—-0.58, p = 0.021), maior poténcia de salto pré-WOD (salto com contramovimento, r =
—0.62, p = 0.014) e maior acumulacao de lactato p6s-WOD (r = —0.54, p = 0.036). A
analise por subgrupos revelou que os homens apresentaram melhores tempos e
maiores respostas ventilatérias e neuromusculares, enquanto nas mulheres
observaram-se maiores niveis de PSE e maior decréscimo na poténcia de salto com
contramovimento. Os praticantes experientes completaram o WOD significativamente
mais rapido do que os iniciantes, mas nao apresentaram diferencas substanciais nas
respostas fisiologicas agudas, sugerindo que a experiéncia competitiva podera
contribuir para uma maior eficiéncia técnica e regulacao do esforco. Estes resultados
reforcam a natureza multifatorial do desempenho no WOD “Fran” e sugerem que sexo
e experiéncia de treino atuam como fatores moduladores das respostas fisiologicas e

neuromusculares.
Conclusao Geral e Futuras Linhas de Investigacao

O resultado global da presente tese de doutoramento sugere que o desempenho no
CrossFit pode ser influenciado por uma interacdo entre variaveis fisiologicas e
biomecanicas, afetadas por caracteristicas individuais, como o sexo e a experiéncia de
treino. A revisdo sistematica evidenciou que os WODs impdem elevadas exigéncias
cardiovasculares, metabdlicas e neuromusculares, mas revelou auséncia de consenso
sobre os principais preditores de performance e escassa consideracido de fatores
confundidores. O primeiro estudo indicou que a forca dindmica maxima e a poténcia
tendem a associar-se a melhores tempos de execucao nos homens, enquanto nas
mulheres as variaveis aerobias e de forca dinamica maxima nos membros superiores

poderao ter maior relevancia.
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Verificou-se ainda que a experiéncia de treino contribui para melhores tempos de
execucado do WOD “Fran”, provavelmente através de maior proficiéncia técnica e
eficiéncia na gestao de esforco, e nao por diferencas fisiologicas marcadas. Entre as
associacoes moderadas e exploratorias, nenhuma se manteve significativa apds as
correcoes de Holm e FDR, sugerindo que os efeitos observados devem ser interpretados
com cautela e confirmados em amostras maiores. O segundo estudo que variaveis
fisiologicas, como o VO2 médio, a ventilacdo e a acumulacao de lactato, bem como
indicadores de prontidao neuromuscular pré-WOD — refletidos pela poténcia muscular
antes do exercicio — se associaram de forma moderada a melhor desempenho, com
padroes distintos entre sexos e niveis de experiéncia de treino. Estes resultados reforcam
anocao de que o desempenho no CrossFit € multifatorial, sendo influenciado por fatores
fisiologicos, biomecanicos e de prontidao individual. Além disso, o sexo e a experiéncia

de treino atuam como moduladores das repostas ao treino de CrossFit.

Assim, esta tese representa um avanco importante na compreensao dos possiveis
determinantes do desempenho em CrossFit, oferecendo uma visdo integrada que
combina sintese de literatura com evidéncia experimental aplicada. Em termos praticos,
os resultados sugerem que programas de treino de CrossFit devem considerar
simultaneamente parametros fisiol6gicos e biomecanicos, mas também adaptar a
prescricao em funcao do sexo e experiéncia de treino do praticante. Para treinadores e
atletas, significa que homens podem beneficiar de estratégias focadas na forca dinamica
maxima e na poténcia, enquanto mulheres parecem mais condicionadas pela
manutencao do desempenho sob fadiga e pela perce¢ao subjetiva de esforco, sugerindo
a importancia de estratégias que melhorem a tolerancia a fadiga. Além disso, a
experiéncia de treino deve ser entendida nao apenas como tempo acumulado, mas
também como fator critico na proficiéncia técnica e na gestao de esforco durante WODs

de elevada intensidade.

Apesar das contribuicoes apresentadas, futuros projetos de investigacdo devem procurar
colmatar as limitacGes identificadas, explorando de forma mais robusta as relacoes entre
determinantes fisiol6gicos, biomecanicos e caracteristicas individuais em diferentes
contextos de CrossFit. Nesse sentido, sugerem-se algumas linhas de investigacao a

desenvolver:
i) Analisar amostras maiores e mais diversificadas, incluindo atletas de elite e/ou

recreativos, para confirmar os determinantes do desempenho e aumentar a

generalizacio dos resultados;
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ii) Comparar diferentes tipos de WODs (p, ex., for¢ca, metabolicos, mistos) para
identificar se os preditores de desempenho se mantém ou variam em fungao da

estrutura da tarefa;

iii) Investigar, através de desenhos longitudinais, como o treino especifico do

CrossFit modifica os preditores fisiologicos e biomecanicos ao longo do tempo;

iv) Examinar o impacto da experiéncia acumulada em estratégias de pacing,
economia de movimento e eficiéncia técnica, de modo a clarificar como este fator

contribui para a performance, independentemente das capacidades fisicas;

v) Explorar diferencas entre sexos em respostas de fadiga aguda (neuromuscular,
ventilatoria e metabodlica), de forma a fundamentar intervencoes de treino mais

individualizadas;
vi) Desenvolver modelos preditivos integrativos que combinem medidas fisiologicas

e biomecanicas para explicar de forma mais precisa a variabilidade entre

individuos desempenho em CrossFit.
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Abstract

Over the past decade, CrossFit has become established as both a popular form of high-
intensity strength and conditioning training and a growing competitive sport. Despite its
global diffusion, uncertainties remain regarding the main physiological and
biomechanical determinants of performance, particularly when accounting for sex and
training experience. This doctoral thesis aimed to provide an integrated analysis of
CrossFit’s physiological and biomechanical demands and to explore potential
performance predictors in recreational athletes. Three studies were conducted: i) a
systematic review on physiological and biomechanical demands; ii) an experimental
analysis of the associations between physiological and biomechanical variables and WOD
performance; and iii) an examination of how sex and training experience modulate these
relationships. The findings indicated that WODs elicit high cardiovascular, metabolic,
and neuromuscular demands, yet the literature remains heterogeneous and lacks
consensus on key performance determinants. Data revealed moderate, exploratory
associations between performance and variables such as maximal strength, jumping
power, ventilation, oxygen consumption, and post-exercise blood lactate, with these
relationships differing by sex and experience. Men appeared to rely more on strength
and power, whereas women were more influenced by physiological responses and
perceived exertion. Training experience was linked to faster completion times, likely due
to greater technical proficiency and effort regulation. Overall, the results highlight the
multifactorial nature of CrossFit performance and the need for individualized training

approaches based on physiological, biomechanical, and experiential characteristics.

Keywords

CrossFit; high-intensity training; physiology; biomechanics; performance; sex; training

experience
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Chapter 1. General Introduction

Over the past two decades, CrossFit has emerged as one of the fastest-growing exercise
modalities worldwide, with thousands of affiliated gyms and millions of practitioners
distributed across all continents (Dominski et al., 2022; Mehrab et al.,, 2022).
Conceptually, CrossFit is framed within the paradigm of high-intensity strength and
conditioning training, defined as constantly varied of movements performed at high
intensity (Cosgrove et al., 2019; Glassman, 2007). These movements typically integrate
elements from Olympic weightlifting, gymnastics, and metabolic conditioning, executed
under high-intensity conditions and frequently performed in a state of accumulated

fatigue (Claudino et al., 2018).

At the heart of CrossFit lies the Workout of the Day (WOD), a multimodal training
session that varies daily in load, duration, and modality to stimulate broad adaptations
across fitness domains (Cavedon et al., 2020; Dominski et al., 2021). This structure
draws on established principles of training, particularly specificity, overload, and
individualization, while incorporating methodological variability (often referred to as
“variance”) to promote comprehensive physical preparedness and prevent monotony
(Feito et al., 2018; Meier et al., 2023; Pritchard et al., 2020). The principle of scalability
further ensures that training loads and movement complexity can be adjusted to

accommodate both beginners and advanced athletes within the same session.

A distinctive feature of CrossFit is its dual identity as both a health-oriented training
methodology and a competitive sport (Dominski et al., 2020; Dominski et al., 2022). For
general populations, it is adopted to improve health, body composition, and overall
fitness (Aravena-Sagardia et al., 2025; Eather et al., 2016; Schile et al., 2023). At the
same time, CrossFit has gained international recognition as a sport through the CrossFit
Games and regional competitions, where athletes are evaluated on their ability to
complete standardized WODs in the shortest time possible or to maximize repetitions
within a given time frame (Butcher et al., 2015; Martinez-Gomez et al., 2019). This dual
nature enriches the scientific relevance of CrossFit, making it a unique model for
studying the acute and chronic physiological, neuromuscular, and biomechanical

responses to multimodal high-intensity exercise.

Accumulating evidence from narrative and systematic reviews indicates that CrossFit
training elicits concurrent adaptations across multiple fitness domains, including

strength, hypertrophy, power, muscular endurance, and cardiorespiratory fitness
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(Claudino et al., 2018; Dominski et al., 2021; Meier et al., 2023). Despite this broad
adaptive potential, the determinants of WOD performance remain a subject of ongoing
debate (Tibana et al., 2021). Observational studies have identified several potential
predictors of performance, spanning neuromuscular variables (e.g., one-repetition
maximum, vertical jump performance, power output) and physiological markers (e.g.,
maximal oxygen uptake, ventilatory responses, blood lactate) (Butcher et al., 2015;
Martinez-Gomez et al., 2019; Mangine et al., 2020; Zeitz et al., 2020). However, no

consensus has been reached regarding their relative contribution to overall performance.

A first observation derived from the literature is that most studies have examined
physiological or biomechanical dimensions in isolation, without systematically
integrating both domains to understand CrossFit performance fully (Butcher et al., 2015;
Martinez-Gomez et al., 2019; Mangine et al., 2020; Zeitz et al., 2020; Claudino et al.,
2018). This methodological fragmentation limits the global interpretation of the
demands imposed by training and competition, often leading to contradictory results.
Therefore, it becomes relevant to synthesize the existing evidence to identify the most
frequently studied parameters, the most consistent methodologies, and the research gap

that justifies further investigation.

Although some studies have examined sex- or experience-related differences in CrossFit
performance (Dexheimer et al., 2019; Schlegel & Kiehky, 2022), most research has
analyzed physiological or biomechanical factors in isolation (Butcher et al., 2015;
Martinez-Gomez et al., 2019; Mangine et al., 2020; Zeitz et al., 2020; Rios et al., 2024),
without integrating both domains or accounting for how individual characteristics may
modulate performance. Biological differences between men and women, particularly in
muscle mass, ventilatory threshold, and fatigue resistance, as well as the role of
accumulated training experience in technical efficiency and pacing strategies, suggest
that performance in WODs may be determined by distinct predictors depending on the
subgroup analyzed (Dexheimer et al., 2019; Schlegel & Kiehky, 2022; Zeitz et al., 2020).
However, to date, few studies have explored these variables comparatively or
predictively, limiting the practical applicability of the available evidence for coaches and
athletes. Thus, experimental studies are warranted to identify which biomechanical and
physiological predictors determine WOD performance and how these vary according to

sex and training experience.

It is also noteworthy that several studies have examined physiological and

neuromuscular responses to CrossFit workouts, and few have simultaneously monitored
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their integrated time course during a standardized benchmark. Study 3, therefore, aimed
to characterize the acute physiological and biomechanical responses elicited by a
standardized WOD (Fran), including changes in ventilatory dynamics, oxygen uptake,
blood lactate, and neuromuscular performance (jump height and power). Rather than
identifying long-term predictors of performance, this study sought to determine the
extent to which a benchmark CrossFit workout acutely perturbs physiological
homeostasis and neuromuscular function, thereby providing insight into how such

sessions challenge the body’s regulatory systems.

Objectives and Hypotheses

Considering these aspects, the overall aim of this doctoral thesis was to develop an
integrated understanding of the physiological and biomechanical determinants of
CrossFit performance and acute responses. Specifically, the thesis sought to clarify how
these domains interact and how individual characteristics, particularly sex and training

experience, modulate these relationships.

To achieve this aim, three specific objectives were defined:

— Study 1: To conduct a systematic review of the literature on the physiological and
biomechanical demands of CrossFit training and competition, identifying the
main parameters investigated, the degree of methodological consistency, and

existing research gaps.

— Study 2: To examine, in an experimental context, the associations between
physiological and biomechanical variables and performance in a benchmark
WOD (Fran), while exploring potential differences related to sex and training

experience.

— Study 3: To characterize the acute physiological and neuromuscular responses
induced by a standardized WOD and to determine how these responses differ
according to sex and training experience, thereby clarifying the acute effects of

CrossFit exercise on the body’s physiological and biomechanical systems.
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Based on the theoretical and empirical considerations discussed, the following

hypotheses were formulated:

General hypothesis:

— CrossFit performance and acute physiological and biomechanical responses are
determined by the interaction between these factors, which are further

modulated by individual characteristics such as sex and training experience.

Specific hypotheses:

i) The literature will reveal high cardiovascular, metabolic, and neuromuscular
demands associated with CrossFit. On the other hand, the literature will reveal
lack of integration between physiological and biomechanical analyses and limited

consideration of individual factors;

ii) In a benchmark WOD, physiological and biomechanical variables (e.g., maximal
strength, power, ventilatory, and metabolic parameters) will show moderate
associations with performance, with differences expected between men and

women and between more and less experienced practitioners;

iii) A standardized WOD will elicit significant acute perturbations in physiological
(ventilation, oxygen uptake, lactate) and neuromuscular (jump performance,
power) measures, with sex and training experience influencing the magnitude of

these responses.

Together, these objectives and hypotheses establish a coherent progression, from a
descriptive synthesis of the existing literature to applied experimental analysis,
culminating in a mechanistic understanding of the acute physiological and

biomechanical responses that characterize CrossFit training.

Given the considerations mentioned above, the general purpose of the present Ph.D.
thesis was to analyze the physiological and biomechanical determinants of CrossFit
performance, while considering the moderating role of sex and training experience. To
achieve this purpose, a sequence of studies was defined, which makes up the following

thesis structure:
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— Chapter 2 presents a systematic review of the literature that synthesizes the
physiological and biomechanical demands of CrossFit training and competition,
highlighting the main parameters assessed, methodological heterogeneity, and

the existing research gaps (Study 1).

— Chapter 3 compiles the first experimental study, which examined the
physiological and biomechanical predictors of performance in a benchmark
WOD (Fran) and compared differences based on sex and training experience.
(Study 2).

— Chapter 4 presents the second experimental study, which characterized the
acute physiological and neuromuscular responses to a standardized WOD,
analyzing how these responses differed according to sex and training experience
(Study 3).

Following this, Chapter 5 integrates the findings across studies in a general discussion,
critically interpreting the results in the context of existing literature. Chapter 6 presents
the main conclusions of this thesis, and Chapter 7 provides limitations and outlines

directions for future research.






Chapter 2. Literature Review

Study 1. Biomechanical and Physiological Demands of

CrossFit: A Systematic Review

Abstract

CrossFit’s popularity has increased as an effective training program for physical fitness.
The volume of published literature suggests a continuous effort to understand and
optimize CrossFit training protocols. Therefore, this study aimed to analyze scientific
literature findings related to CrossFit’s biomechanical and physiological demands via a
systematic review. Systematic searches were conducted on PubMed, Web of Science,
ScienceDirect, Scopus, and SciELO databases for articles reporting the effects of CrossFit
training. Following the PRISMA guidelines, nineteen studies (n = 537 participants)
examined the use of biomechanical and/or physiological variables in CrossFit
performance. This review considered the one-repetition maximum, the
countermovement jump, peak power, and movement technique as biomechanical
variables most often used in literature. The physiological variables included blood
lactate, maximal oxygen uptake, heart rate variability, and the rating of perceived
exertion. These variables accurately measured strength, aerobic, and anaerobic capacity,
along with fatigue in training sessions and competitions. CrossFit training was shown to
improve maximal oxygen uptake, muscle strength, hypertrophy, and muscular
endurance while also inducing physiological stress. Strength and power variables
correlated strongly with CrossFit performance, but movement technique and postural
control also played significant roles. The combination of aerobic and anaerobic elements
within CrossFit enhanced cardiovascular fitness and anaerobic capacity, reinforcing

effectiveness when appropriately managed.

Keywords: fitness, physical performance, biomechanics, physiology, high-intensity

interval training
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Introduction

The increasing popularity of CrossFit as a sport has likely contributed to a significant
increase in scientific research (Dominski et al., 2021; Meier et al., 2023; Rodriguez et al.,
2022). The exponential growth of CrossFit is unprecedented and signified by over 15,000
CrossFit-affiliated gyms worldwide and the global recognition as a “fitness sport”
(Dexheimer et al., 2019; DominsKki et al., 2021; Sauvé et al., 2024), with over 5 million
athletes worldwide engaging in CrossFit-based training (Gianzina and Kassotaki, 20109;
Meier et al., 2023). A review of the available literature reveals a substantial number of
publications addressing various aspects of CrossFit (Claudino et al., 2018; Jacob et al.,
2020; Mehrab et al., 2023; Meier et al., 2023), including exercise programming
(Ambrozy et al., 2022; Knapik, 2015; Oliver-Lopez et al., 2024), injury prevention
(Klimek et al., 2018; Nicolay et al., 2022; Shim et al., 2023), performance optimization
(Shaw and Sergent, 2019; Sousa et al., 2016; Tafuri et al., 2019), and metabolic demands
during different workout configurations (Feito et al., 2019; Gémez-Landero and Frias-

Menacho, 2020; Maté-Munoz et al., 2017).

CrossFit methodology is widely classified under high-intensity training, which is defined
by the use of multi-joint movements performed at high intensity and incorporating both
aerobic and resistance exercise modalities (Feito et al., 2019; Heinrich et al., 2015).
Indeed, CrossFit is recognized as a high-intensity sport involving powerlifting and
gymnastics movements using heavy loads and maximal efforts (Dominski et al., 2021;
Fisker et al., 2017; Tibana et al., 2018). Therefore, improvements in physical fitness are
based on strength and conditioning training using complex, powerful, and continuous
movements that stimulate practitioners’ metabolism exponentially (Maté-Mutoz et al.,
2017; Schlegel, 2020; Tibana et al., 2021). Due to the high intensity of the exercises used
and short or no rest periods, reduced movement velocity during exercise (i.e., fatigue) is
considered a determining factor (Faelli et al., 2020; Maté-Munoz et al., 2017). In the
literature, fatigue has been defined as an involuntary loss of muscle strength across
successive repetitions, leading to a notable reduction in movement velocity during
exercise execution (Banyard et al., 2017; Maté-Munoz et al., 2017; Sanchez-Medina and
Gonzalez-Badillo, 2011). Given that CrossFit is characterized by highly varied workouts
often performed near or to the point of muscular failure, understanding patterns of
velocity loss, commonly used as a proxy for neuromuscular fatigue (Gonzalez-Badillo et
al.,, 2022; Sanchez-Medina and Gonzalez-Badillo, 2011), may serve as a valuable

indicator for performance optimization, injury prevention, and training load monitoring.
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Generally, training sessions are organized as daily sessions named workout of the day
(WOD). These WODs are typically scheduled to perform the exercises as fast as possible,
i.e., “for time” (FT), or to perform the maximum number of repetitions or rounds in an
established time, i.e., “as many rounds as possible” (AMRAP) (Glassman, 2010;
Menargues-Ramirez et al., 2022). The athletes’ progression in CrossFit could be
measured through these sessions, provided that the execution conditions are controlled
(including exercises, loads, repetitions, or execution time). However, due to the constant
variations introduced in each WOD, it is important to track changes through periodic
monitoring of the performance of specific exercises. Therefore, benchmark WODs are
established to assess the progress of some workouts by comparing the number of
repetitions and time for completion over time and between athletes (Glassman, 2003).
For example, the benchmark WOD “Fran” consists of performing 21-15-9 repetitions for
time of pull-ups and thrusters, and “Grace” is a set of 30 clean and jerks to complete for
time (Glassman, 2003). In this regard, previous studies have investigated the influence
of different factors on the performance in benchmark WODs, in ‘CrossFit Open’
workouts, or the placement in the ‘CrossFit Games’ (Carreker and Grosicki, 2020;
Fernandez-Fernandez et al., 2015; Kliszczewicz et al., 2014; Maté-Muioz et al., 2017).
Evidence-based recommendations for effective and specific training programming could
be developed by identifying performance predictors, leading to optimal competitive

performance.

Several studies have investigated biomechanical aspects of CrossFit exercises, focusing
on movement patterns, joint loading, and muscular activation (Cejudo, 2022; Ferreira et
al., 2020; Martinez-Gémez et al., 2019). At the core of these considerations there are
joint kinematics which describe movement patterns of joints during various exercises,
notably Olympic lifts. Understanding these patterns is crucial, as they have been
demonstrated to impact both performance outcomes and injury risk among CrossFit
practitioners (Butcher et al., 2015b; Naderi et al., 2025). For instance, Butcher et al.
(2015b) observed that biomechanical efficiency tended to decline under fatigue during

high-repetition strength exercises, with a corresponding decrease in performance.

Beyond joint movement, neuromuscular activation also plays a vital role in
biomechanical efficiency during CrossFit. Adequate levels of muscular strength are
essential for executing complex, multi-joint movements such as Olympic lifts. In this
context, Martinez-Gomez et al. (2019) demonstrated strong correlations between lower-
body power, as measured by full squat performance, and success in CrossFit workouts.

Their findings suggest that biomechanical proficiency not only supports technical
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execution but also serves as a key determinant of performance outcomes. This evidence
reinforces the relevance of biomechanical assessment for guiding both the training

program design and performance monitoring.

Additionally, biomechanical demands in CrossFit extend to aspects such as load
management and consistency of the bar path during lifting tasks (Polydorou et al., 2024).
Equipment choices can also play a role in optimizing movement (Meyer et al., 2017). For
example, Waryasz et al. (2016) found that wearing weightlifting shoes with elevated heels
could modify joint angles during lifts, thereby reducing shear stress on the spine. These
biomechanical insights inform evidence-based decisions regarding gear selection and
technique adjustments, ultimately aiming to improve performance while mitigating

injury risk.

Additionally, studies exploring the physiological demands of CrossFit training have
examined factors such as cardiovascular responses, energy expenditure, and muscle
fatigue (Faelli et al., 2020; Mangine et al., 2020). The published literature suggests a
continuous effort to understand and optimize CrossFit training protocols to improve
performance by delaying fatigue appearance (Mangine et al., 2023; Weisenthal et al.,
2014). According to Meyer et al. (2017), one of the most important factors for improving
the ability to resist loss of strength or velocity is the proper manipulation of training load
and volume. Considering this, WODs often involve a high volume of repetitions across
different exercises, which could promote rapid fatigue, particularly when training
volume and intensity are not adequately periodized, which may result in a decline in
movement quality and an increased risk of injury (Gardiner et al., 2020; Mehrab et al.,

2023).

Despite the extensive research conducted over the last decade on CrossFit, there is still
no consensus on the key factors that determine performance or on the mechanical and
metabolic responses to different WODs. This knowledge could allow for improved
training processes for CrossFit practitioners. Therefore, in an attempt to synthesize
existing information and continue to improve the scientific research in CrossFit, this
systematic review aimed to assess biomechanical and physiological variables and

demands related to CrossFit training.
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Methods

Study design

To guide the organization of findings, we applied a thematic analysis that grouped
studies into two primary domains: biomechanical and physiological. This categorization
was informed by the predominant outcomes and assessment tools used across literature.
Studies classified as biomechanical primarily investigated variables such as joint
kinematics, movement velocity, force production, power output, and muscle activation,
often employing technologies such as motion capture, electromyography (EMG), and
force platforms (Butcher et al., 2015b; Cejudo, 2022; Martinez-Gémez et al., 2019; Maté-
Munoz et al., 2018; Yiiksel et al., 2018). In contrast, physiological studies focused on
aspects related to the internal load and fatigue responses, including maximal oxygen
uptake (VO:max), blood lactate concentration, heart rate variability (HRV), and the rate
of perceived exertion (RPE) (Faelli et al., 2020; Schlie et al., 2023; Tibana et al., 2018;
Zeitz et al., 2020). The rationale for these thematic divisions aligns with established
distinctions in the literature between mechanical and metabolic demands in training
(Bachero-Mena and Gonzélez-Badillo, 2021; Di Michele et al., 2012; Maté-Muifioz et al.,
2018; Rios et al., 2024). However, the specific structure of sub-themes in this review was
developed inductively, based on the objectives and reported outcomes of the included
studies. For instance, outcomes such as the countermovement jump (CMJ) and one-
repetition maximum (1RM) were grouped under strength and power performance within
the biomechanical dimension. To synthesize the existing information, we considered the
biomechanical and physiological aspects discussed above to identify the performance

variables in CrossFit training and competition.

Search strategy

This systematic literature search followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines (Page et al., 2021). The review
protocol was prospectively registered in the International Platform of Registered
Systematic Reviews (INPLASY) under the registration number INPLASY202560108.
The protocol is publicly available at https://doi.org/10.37766/inplasy2025.6.0108.
Studies were retrieved from PubMed, Web of Science, ScienceDirect, Scopus, and
SciELO databases. These databases were selected to ensure comprehensive coverage of
both international and regional literature relevant to the physiological and

biomechanical aspects of CrossFit. While PubMed, Scopus, and Web of Science

11
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databases are widely recognized for indexing peer-reviewed scientific publications in
health and sports science, ScienceDirect was included due to its accessibility to full-text
articles from journals that frequently publish exercise science research. SCiIELO was
added to capture relevant literature from Latin American sources that might not be
indexed in other major databases. However, it was acknowledged that not including
databases such as SPORTDiscus, Embase, or Google Scholar, might have introduced
database selection bias. This limitation should be considered when interpreting the

completeness of the included evidence.

Studies were searched using a Boolean string with specific keywords (Table 1). The
literature search was performed between December 2023 and February 2024 by an
independent author and checked by a second author (P.F.). These procedures were

conducted according to the recommended PRISMA guidelines (Page et al., 2021).

Table 1. Search terms and keywords used in the screening procedures of the systematic review.

Search term Keywords
Population 1 “CrossFit” OR “high functional training” OR “functional fitness”
Intervention 2 “effects” OR “training effects” OR “training strategies”

Comparison/outcomes 3 Physiological set: “training load” OR “external training load” OR “internal
training load” OR “physical performance” OR “physiological performance”
OR “physical response” OR “physical demands” OR “physiological
response” OR “physiological demands” OR “activity profile” OR
“workload” OR “loading” OR “athletic performance” OR “sports
performance” OR “velocity loss” OR “movement speed loss” OR “peak
power” OR “power” OR “propulsive velocity” OR “MPV” OR “heart rate”
OR “perceived exertion” OR “lactate” OR “acid lactic” OR “volume of
oxygen consume” OR “VO2max” OR “metabolic power” OR “energy cost”
OR “high intensity” OR “conditioning” OR “fitness” OR “biomechanics”
OR “kinetic” OR “kinematic” OR “physiology”

Boolean syntax 4 (((#4) AND #3) AND #2) AND #1

Inclusion criteria

The following inclusion criteria were applied: i) peer-reviewed studies with experimental
(randomized and non-randomized trials), observational (cohort, case-control), or cross-
sectional designs investigating the effects of CrossFit; ii) studies involving adult CrossFit
practitioners aged > 18 years; iii) studies conducted with healthy adults, athletes or
individuals with specific health conditions actively engaged in CrossFit training; iv)
studies assessing physiological or biomechanical variables following CrossFit training or

participation, including both intervention-based and descriptive designs (e.g., studies
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measuring fatigue responses during benchmark WODs without a structured
intervention); v) studies providing at least a partial description of the CrossFit program
applied, such as training frequency, load, volume, duration, or types of exercise, even if
not all training details were fully specified due to ecological or real-world research
constrains; and vi) studies reporting quantitative outcomes related to physical fitness,

performance, or physiological and biomechanical responses.

Data Extraction and Coding

To ensure transparency and methodological rigor, the screening and data extraction
procedures were conducted following the PRISMA 2020 guidelines (Page et al., 2021).
Two independent reviewers (A.M. and P.F.) screened the titles, abstracts, and full texts
of all retrieved studies based on the predefined inclusion criteria. Any disagreements
during the selection process were resolved through discussion, and when necessary, a
third reviewer (D.L.M.) was consulted to reach consensus. Duplicate records were
identified and removed using Microsoft Excel, supplemented by manual verification to
ensure accuracy. Data extraction was also carried out independently by two reviewers
and focused on the following categories: i) sample characteristics, the study design, and
the competitive level; ii) performance-related outcomes including measurement
variables, thresholds, and formulas; iii) references and foundational studies on which the
included articles based their methodology; iv) methodological details such as study aims,
experimental procedures, data collection methods, and statistical analysis. This
structured and collaborative approach was intended to minimize bias, improve
consistency, and strengthen the credibility of the review in line with established

reporting standards (Page et al., 2021).

Study Quality Assessment

Two reviewers independently assessed the methodological quality of the included
studies, with discrepancies resolved by consensus. For randomized controlled trials
(RCTs), the Physiotherapy Evidence Database (PEDro) scale was applied. This tool
consists of 11 items, with each item scored as either 0 or 1, yielding a maximum score of
10 (the first item is not included in the final score). Studies scoring > 6 were considered
of high quality, consistent with established cut-offs (Garcia-Pinillos et al., 2017). For
cross-sectional studies, the checklist “Joanna Briggs Institute (JBI) Critical Appraisal
Checklist for Analytical Cross-Sectional Studies” was used. This checklist includes eight

items evaluating aspects such as sample selection, validity of measurements, and

13
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appropriateness of statistical analysis (Munn et al., 2023). Each item was rated as “yes”,
“no”, “unclear”, or “not applicable”. Studies meeting six or more criteria were of
moderate to high methodological quality. No studies were excluded based on
methodological quality. Although formal inter-rater reliability (e.g., Cohen’s kappa)
could not be calculated due to identical ratings across studies (McHugh, 2012), complete
agreement (100%) was observed between reviewers. Any minor uncertainties were
resolved through discussion to ensure consistency and transparency throughout the

appraisal process.

Results

The results section follows a presentation based on study searching results, quality of the
included studies, and performance indicators. The performance variables were

subdivided into biomechanical and physiological.

Study Search Results

The search strategy found 151 articles (48 articles from PubMed, 31 from ScienceDirect,
17 from Scopus, 22 from Web of Science, and 33 from SciELO). Following full-text
screening, 19 articles were included. The selection process is outlined in Figure 1,
adhering to PRISMA guidelines. To conduct this review, the existing body of literature
on CrossFit was first explored to gain a comprehensive understanding of the current
research landscape. Based on this synthesis and the defining characteristics of CrossFit,
the identified performance-related variables were organized into two overarching
categories (physiological and biomechanical dimensions), reflecting how these aspects
are commonly addressed in literature. In defining the main themes of this review,
priority was given to elements of CrossFit training with strong theoretical and practical
relevance for researchers, coaches, and athletes. These include: i) biomechanical
variables that characterize movement patterns, joint loading, and mechanical demands
during training and competition, and ii) physiological aspects related to muscular

fatigue, metabolic stress, and key performance indicators.
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Figure 1. Literature searching flowchart.

Quality of the Included Studies

In the evaluation of methodological quality, the qualitative scores for 15 cross-sectional
studies ranged from 6 (lowest quality) to 7 (highest quality) out of a maximum of 8
possible points in the JBI scale (Table 2). Fourteen studies received a score of 6, while
one study had a score of 7. Regarding the experimental studies, four studies scored 9

(highest quality) out of 11 points on the PEDro scale (Table 3).
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Table 2. Study quality analysis using the Joanna Briggs Institute (JBI) Critical Appraisal Checklist for
Analytical Cross-Sectional Studies.

Authors Qi Q2 Q2 Q4 Q5 Q6 Q7 Q8 Total
Brognara et al. (2023) Y Y Y Y N N Y Y 6/8
Butcher et al. (2015a) Y Y Y Y N N Y Y 6/8
Butcher et al. (2015b) Y Y Y Y N N Y Y 6/8
Cejudo (2022) Y Y Y Y N N Y Y 6/8
Faelli et al. (2020) Y Y Y Y N N Y Y 6/8
Fernandez-Fernandez et al. (2015) Y Y Y Y N N Y Y 6/8
Ferreira et al. (2020) Y Y Y Y N N Y Y 6/8
Haynes and DeBeliso (2019) Y Y Y Y N N Y Y 6/8
Maia et al. (2019) Y Y Y Y Y N Y Y 7/8
Martinez-Gomez et al. (2019) Y Y Y Y N N Y Y 6/8
Maté-Muioz et al. (2018) Y Y Y N N N Y Y 6/8
Maté-Munoz et al. (2017) Y Y Y N N N Y Y 6/8
Sauvé et al. (2024) Y Y Y Y N N Y Y 6/8
Tibana et al. (2018) Y Y Y Y N N Y Y 6/8
Zeitz et al. (2020) Y Y Y Y N N Y Y 6/8

Q1: Were the criteria for inclusion in the sample clearly defined?; Q2: Were the study subjects and the setting
described in detail?; Q3: Was the exposure measured in a valid and reliable way?; Q4: Were objective,
standard criteria used for measurement of the condition?; Q5: Were confounding factors identified?; Q6:
Were strategies to deal with confounding factors stated?; Q7: Were the outcomes measured in a valid and

reliable way?; Q8: Was an appropriate statistical analysis used?; Y: yes (1 point); N: no (0 points)

Table 3. Study quality analysis using the PEDro scale.

Study criteria Brandt et al. Cosgrove et al. Yiiksel et al. Schlie et al.
(2022) (2019) (2018) (2023)
Eligibility criteria Y Y Y Y
Random allocation Y Y Y Y
Concealed allocation Y Y Y Y
Baseline comparability Y Y Y Y
Blinded participants N N N N
Blinded therapists N N N N
Blinded assessors Y Y Y Y
Adequate follow-up Y Y Y Y
Intention-to-treat Y Y Y Y
analysis
Between-group Y Y Y Y
comparisons
Point estimates and Y Y Y Y
variability
Total score 9/11 9/11 9/11 9/11
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Biomechanical Variables

The literature on biomechanical variables of CrossFit encompasses a wide range of
studies focusing on the measurement and analysis of movement patterns, joint forces,
and muscle activity during CrossFit exercises. Table 4 summarizes key biomechanical

variables and their measurement tools.
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Table ga. Biomechanical variables of evaluation of CrossFit performance.

Authors Design Topic Sample Analysis Main Findings
Brandtet Randomized CrossFit Sedentary Changes in mobility, Significant effects were
al. controlled program behavior strength (maximum found for mobility and
(2022) trial effects on participants  isometric strength in strength, but not for well-
physically (39 in the kg), well-being (WHO-5  being.
inactive intervention score), and back issues
employees group and (pain intensity,
311in the limitation, and
control frequency) were
group) assessed before and
after 6 months of
CrossFit training.
Brognara  Cross- Stability and 42 CrossFit ~ Custom foot orthoses In the pistol squat, both
etal. sectional postural athletes were used for orthotic therapies were
(2023) balance postural/balance significantly lower than the
assessment. Static and average of the oscillations
dynamic tests from the first use, with a
(overhead squats and stable improvement. The
pistol squats) were overhead squats and pistol
performed before and squat tests proved a
after using different statistically significant
insoles. IMU for benefit.
postural balance
evaluation was used.
Butcher Cross- Relationship 14 CrossFit  Anaerobic power No relationships were found
etal. sectional between athletes (minimum, average, between benchmark WODs
(2015b) physiological and peak) in different (Grace and Fran) and
measurements WODs. laboratory test variables.
and CrossFit The CrossFit Total was the
performance sole predictor of
performance in these
workouts.
Cejudo Cohort Optimal 26 CrossFit  Shoulder, elbow, and The study found that
(2022) study upper-limb athletes wrist passive ROM were  shoulder external rotation
range of measured via an (= 123°), elbow pronation (=
motion for inclinometer. Clean 112°), and wrist extension (=
performance technique at 80% 1RM 90°) were key for proper
was evaluated initially clean technique, with a >
and after 7 months. 85% success rate. Limited
ROM increased technical
errors and injury risk,
highlighting the need for
targeted flexibility training
in CrossFit.
Cosgrove  Randomized High-intensity 45 Participants completed  All fitness domains
etal. controlled functional participants  a six-month CrossFit improved in women over
(2019) trial training (men and program. Flexibility, time, with greater
effects women) power, muscular cardiorespiratory gains in
with 0—27 endurance, and the 0—6-month group. In
months of strength were tested men, flexibility, muscular
high- before and after the endurance, and strength
intensity program across three showed significant
functional sessions. improvements.
training
experience
Ferreira Cross- Movement 10 trained Joint angles, bar path, Fatigue during deep squats
etal. sectional efficiencyand  CrossFit concentric phase induced significant
(2020) technical athletes velocity interquartile variability in
execution biomechanics, with changes

in joint coordination and
barbell velocity,
emphasizing technique
degradation under fatigue.

1RM: one-repetition maximum; IMU: Inertial measurement unit; WHO-5 Index: World Health
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Table 4b. Biomechanical variables of evaluation of CrossFit performance.

Authors Design Topic Sample Analysis Main Findings
Haynes Cross- Relationship 15 female CrossFit performance Sit-up performance showed
and sectional between participants was assessed with a a moderately positive
DeBeliso CrossFit of varying WOD of 3 rounds, each  significant relationship with
(2019) performance  experience consisting of 30 s at handgrip strength (r =
and handgrip  levels four stations: fan bike 0.44).
strength (max calories), air
squats, sit-ups, and
burpees (max reps),
followed by 2 min and
30 s of rest.
Maté- Cross- Muscular 32 strength- Jump height, average The “Cindy” and power
Mufioz et  sectional fatigue trained males  power, and maximum clean WODs induced
al. (2018) responses take-off velocity during  significant losses in jump
a CMJ (pre- and post- height (7.3%), take-off
WODs) velocity (13.8%), relative
(4.6%), and average power
(4.2%).
Martinez-  Cross- Relationship 20 trained The full squat testused ~ Squat variables showed
Goémez et  sectional between males an incremental free- moderate to strong
al. (2019) strength and weight protocol, correlations (r = 0.47-0.69)
power during measuring bar velocity ~ with WOD performance.
the full-squat with a linear Absolute and relative 1IRM
exercise and transducer. 1IRM was and relative power were key
CrossFit estimated via load- predictors. Significant
performance velocity interpolation. group differences were
Five WODs assessed found in strength and
performance, power metrics, highlighting
evaluating 1RM, peak, their value in assessing
and mean power. CrossFit performance.
Sauvé et Cross- Physical 16 elite 1RM strength (squat, Elite athletes demonstrated
al. (2024)  sectional profile of CrossFit bench press, deadlift, high 1RM values and power
elite CrossFit  athletes clean and jerk), CMJ, output, with CMJ height
athletes SJ, peak power ~44.7 cm and relative back
squat 1RM ~2.0x body
mass.
Yiikselet  Randomized Effects of 32 trained Cindy was performed 3  Cindy’s WOD induced
al. (2018)  controlled CrossFit on wrestlers times a week for 8 greater improvements than
trial strength weeks, consisting of classic wrestling training on
AMRAP of 5 pull-ups, squat performance, vertical
10 push-ups, and 15 air ~ jump height, bench press
squats in 20 min. An force, and bench press bar
accelerometric system velocity.
measured squat jump
height and bench press
force, with the latter
assessed using
repetitive tests at 30%
1RM.
Zeitz et Cross- Determinants 22 1RM back squat, All strength variables
al. sectional of CrossFit recreationally ~ deadlift, overhead showed moderate to strong
(2020) performance  trained press, and performance positive correlations with
individuals on benchmark “Fran” WOD performance,

and workout 19.1.

indicating higher CrossFit
performance with greater
strength. Fatigue tolerance
might influence 19.1
performance due to
maximal effort demands.
The CrossFit Total workout
(maximum strength) was
key for optimal
performance in time-to-
completion tasks with
absolute loads.

1RM: one-repetition maximum; AMRAP: as many rounds as possible; CMJ: countermovement jump;
WOD: workout of the day
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A growing number of studies have explored the biomechanics of key CrossFit exercises,
including Olympic lifts like the clean and jerk and snatch, as well as various gymnastic
movements (Cejudo, 2022; Martinez-Gémez et al., 2019). These investigations
commonly relied on specialized tools to assess performance and movement quality. For
example, motion capture systems have been used to analyze joint angles and movement
patterns in dynamic tasks (Cejudo, 2022). On the other hand, force platforms have
provided insights into ground reaction forces and power output during loaded lifts and
jumps (Martinez-Gomez et al., 2019; Maté-Muifioz et al., 2018; Yiiksel et al., 2018).
Additionally, Ferreira et al. (2020) applied surface EMG and kinematic analysis to
examine neuromuscular fatigue and interquartile variability in movement patterns
during deep squats in CrossFit athletes, showing that fatigue significantly altered the bar

path and joint coordination.

Drawing from these methodologies, we grouped the studies according to their primary
objectives: i) experimental interventions incorporating CrossFit training; ii) correlation-
based analysis linking biomechanical factors to performance; iii) investigations into the
acute responses to different CrossFit training formats; and iv) other biomechanical

approaches aimed at understanding movement efficiency and injury risk.

CrossFit as a Training Intervention

Brandt et al. (2022) analyzed the effect of six months of CrossFit training (2 sessions of
60 min per week) in inactive adults. The results showed consistently large positive effects
on mobility and strength. The authors concluded that health professionals should
consider CrossFit a safe, efficient, and applicable training concept for individuals at risk
of developing chronic diseases due to inactivity and sedentary behavior. Cosgrove et al.
(2019) examined the effectiveness of a CrossFit program after six months in participants
(men and women) with different high-intensity training experiences. That study showed
a positive effect of CrossFit program participation on multiple fitness domains, with
greater improvements for women with less experience. Yiiksel et al. (2018) investigated
the effects of CrossFit training on jump and strength variables in healthy men. The
experimental group underwent CrossFit training three times a week for eight weeks
using Cindy WOD. The findings were consistent with previous research showing the
benefits of CrossFit training to physical fitness performance. Studies consistently
highlighted the positive effects of CrossFit interventions on fitness performance,

mobility, and strength across diverse populations.
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Correlational Studies in CrossFit Performance

Haynes and DeBeliso (2019) studied the relationship between CrossFit performance and
handgrip strength in women because this variable had been identified as a good predictor
of total body strength and ability in CrossFit and non-CrossFit practitioners (DeBeliso et
al.,, 2015). The results only showed a moderately significant relationship between
handgrip strength and sit-up performance. The study conducted by Martinez-Goémez et
al. (2019) explored the relationship between CrossFit performance and power and
strength variables measured in the full-squat exercise. Performance in different WODs
was also measured, and overall CrossFit performance was determined. Results showed
positive correlations between squat variables and performance in the WODs, with overall
CrossFit performance strongly associated with the 1RM and mean and peak power
obtained in the full-squat exercise. That study suggested that strength and power
variables measured in the full-squat positively related to CrossFit performance,
indicating that the squat exercise could predict lower-limb muscle movements in
CrossFit. The study by Martinez-Gomez et al. (2019) highlighted the importance of
analyzing strength variables in assessing athletic performance, with potential
implications for predicting success in CrossFit. Similarly, Sauvé et al. (2024) provided
normative data on elite CrossFit male athletes, reporting 1RM back squat values
equivalent to ~2 times body mass, CMJ heights of nearly 44 cm, and peak power output
exceeding 800 W. Additionally, Zeitz et al. (2020) evaluated the 1RM back squat, the
deadlift, and the overhead press, and the sum of the three exercises was determined as
the CrossFit Total. Results showed that all strength variables were correlated (moderate
to strong) with performance in CrossFit workouts like “19.1” and “modified Fran”,
indicating greater CrossFit performance with greater 1RM values. In the same line,
Butcher et al. (2015b) analyzed different WODs on separate days and CrossFit Total
(1RM back squat, overhead press, and deadlift). Only whole-body strength could partially
explain the performance in Grace and Fran WODs, although the anaerobic threshold was
also associated with sports performance. Correlational studies highlighted the predictive

value of specific strength and power metrics for CrossFit performance.

Acute Effects of CrossFit Training

Maté-Muinoz (2018) assessed the cardiometabolic and muscular fatigue responses to
different CrossFit workouts. The workouts resulted in elevated heart rates, the RPE, and
blood lactate levels, indicating vigorous exercise intensity. Muscular power losses were

observed after the workouts. That study highlighted the importance of quantifying
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exercise intensity for proper training load prescription to reduce the risk of injury and

optimize performance.

Movement Efficiency and Technical Execution

Cejudo (2022) analyzed the influence of the range of motion of the upper limb’s joints
on the technical execution and performance of the power clean exercise. That author
observed that athletes with a greater range of motion in shoulder external rotation, elbow
pronation, and wrist extension were more likely to execute the power clean movement
correctly. Building on this, Martinez-Gomez et al. (2019) highlighted the importance of
lower-body power by showing a strong association between squat-derived power output
and CrossFit performance (r = 0.47—0.69) among 20 trained males. Athletes who
produced higher peak and mean power output in the full squat tended to perform better
in WODs, reinforcing that efficient force production contributed significantly to overall
performance. In addition to strength and mobility, control and balance also appeared to
be crucial. Brognara et al. (2023) assessed postural stability in CrossFit athletes and
found that better balance, especially during demanding tasks such as the overhead squat
and the pistol squat, was linked to improved movement control. These insights suggested
that minimizing compensatory movements through better postural alignment could

enhance technical execution and help prevent injury.

Injury Incidence and Risk Factors

Several studies have investigated injury risk and mechanisms in CrossFit training
(Gardiner et al., 2020; Rodriguez et al., 2022), aiming to identify vulnerabilities in
specific movements and inform safer training practices. The shoulder (26%), the spine
(24%), and the knee (18%) emerged as the most affected regions, likely due to the
mechanical demands of overhead lifts, spinal loading, and high-impact plyometrics. The
injury incidence in individual studies ranged widely from 12.8% to 73.5%, while reported
rates varied between 0.27 and 3.3 per 1,000 training hours. Beyond incidence figures,
biomechanical studies offered insights into modifiable risk factors. Cejudo (2022) found
that athletes with limited shoulder, elbow, or wrist mobility were more likely to perform
the power clean with technical errors, increasing their risk of injury. Similarly, Brognara
et al. (2023) demonstrated that postural stability during complex movements like the
overhead squat and pistol squat might protect against injury by reducing compensatory

patterns. Additionally, Brandt et al. (2022) observed that CrossFit training reduced back
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pain in previously sedentary individuals, suggesting that, when properly implemented,

CrossFit might also serve as a corrective modality for musculoskeletal discomfort.

These results suggest that CrossFit has a relatively low injury risk and highlight factors
like training frequency, duration of CrossFit experience, and the level of competition as
important factors in the injury incidence and incidence rates. Finally, researchers have
investigated potential performance-enhancing techniques, such as kinematic and kinetic
strategies, to optimize training protocols and improve athletic performance in CrossFit.
For example, when developing exercise-specific force, the exercise should be completed
closer to set failure with fewer repetitions, which can be achieved using complex or high-
volume contrast training to pre-fatigue the lighter exercise. When the objective is to
improve velocity for the target exercise, it can be combined with a heavier contrast pair
to create a post-activation performance-enhancing effect. Alternatively, cluster set
designs can be used to maintain high velocities and reduce drop-off, and traditional
training is the most effective for increasing the 1RM squat (Marshall et al., 2021; Sauvé

et al., 2024).
Physiological Variables
Table 5 shows the most included variables to determine CrossFit’s performance,

including VO.max, blood lactate concentration, HRV, the RPE, blood and salivary

samples, and body composition.
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Table 5a. Physiological variables of evaluation of CrossFit performance.

Authors Design Topic Sample Analysis Main Findings
Butcher et Cross-over Relative 10 trained Heart rate, Both workout formats (circuit and
al. (2015a) intensity of two  CrossFit rating of HIIT) elicited high cardiovascular
types of participants  perceived and perceptual responses; HIIT
CrossFit exertion, WODs produced higher relative
exercise session intensity compared to circuit-style
duration, and WODs.
relative
intensity
Butcheret  Cross- Relationship 14 CrossFit  VOoamax, Laboratory physiological variables
al. (2015b)  sectional between athletes anaerobic showed no relation to benchmark
physiological threshold, WODs (Grace and Fran). The
measurements respiratory CrossFit Total positively
and CrossFit compensation correlated with performance in
performance threshold, and  both. Whole-body strength and
fatigue index CrossFit Total explained 77% of
were analyzed the variance in Grace and 42% in
during Fran, but did not impact Cindy’s
different performance.
WODs
Faellietal. Randomized Physiological 20 Salivary CrossFit produced a more
(2020) controlled responses to moderately  cortisol, profound catabolic impact than
trial CrossFit and trained interleukin-1f,  resistance training.
resistance individuals  and uric acid
training were assessed
via ELISA pre-
and post-8-
week resistance
training to
compare with
CrossFit
training
Fernandez-  Cross- Physiological 10 trained VO., Moderate differences were found
Ferndndez  sectional responses to subjects respiratory in VO2 and %VOamax, with higher
etal. CrossFit exchange ratio,  values in Cindy. Fran had more
(2015) workouts. heart rate, time above respiratory exchange
blood lactate ratio 1, while Cindy remained
concentration,  below 1. Participants spent 42.2%
and the RPE (Cindy) and 29.3% (Fran) of the
were measured ~ workout time above 91% of the
before and maximum heart rate, indicating
after each that training CrossFit 2—3
WOD times/week meets ACSM intensity
guidelines for aerobic fitness and
fat loss.
Maiaetal.  Case study Neuromuscular 3 CrossFit HRYV, RPE, Athlete A showed impaired
(2019) and autonomic  athletes (A, CMJ, and neuromuscular and autonomic
responses to a B, and C) internal recovery during competition.
CrossFit competition Athlete C’s CMJ declined
competition load were throughout the first day. Male
evaluated pre- athletes had reduced HRV,
and post- indicating autonomic
competition suppression. Neuromuscular

function decreased by the
competition’s end.

ACSM: American College of Sports Medicine; CMJ: countermovement jump; HIIT: high-intensity interval
training; HRV: heart rate variability; VO2max: maximal oxygen uptake; RPE: rate of perceived exertion;
WOD: workout of the day
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Table 5b. Physiological variables of evaluation of CrossFit performance.

Authors Design Topic Sample Analysis Main Findings
Maté- Cross- Muscular fatigue 34 healthy CMJ and CMJ performance declined
Mufioz et  sectional responses to subjects blood lactate across all CrossFit modalities.
al. (2017) three CrossFit analyzed Fatigue recovery followed
modalities: before and metabolic conditioning, likely
gymnastics, after each due to rest intervals restoring
metabolic CrossFit phosphocreatine. High intensity
conditioning, modality and volume in gymnastics and
and weightlifting WODs may reduce
weightlifting. muscle-tendon stiffness, prolong
the CMJ isometric phase, and
impair jump ability.
Maté- Cross- Cardiometabolic 32 strength- Heart rate, RPE and the heart rate were
Mufioz et  sectional and muscular trained males  RPE, and significantly higher for Cindy
al. fatigue responses blood lactate (WOD 1) than the double under
(2018) against different were (WOD 2) and power clean (WOD
WODs measured 3) workouts.
before and Blood lactate concentration
after each always exceeded 10 mmol/L,
WOD indicating a high intensity of
exercise.
Sauvéet  Cross- Physiological 16 elite VOzmax, VO:max ranged from 56 to 64
al. sectional profile of elite CrossFit ventilatory mL-kg™1-min~1; Wingate peak
(2024) CrossFit athletes  athletes threshold, power exceeded 800 W in males;
Wingate test, body fat content was 11.8% in
body males and 17.2% in females;
composition aerobic and anaerobic capacities
(DXA) were well-developed in elite
CrossFitters.
Schlieet  Randomized CrossFit 16 healthy VO2max, WHO-  VOoamax showed a large
al. controlled intervention for CrossFit 5Index, body  improvement, with strong
(2023) trial enhancement of  beginner composition, negative correlations between
cardiorespiratory  athletes and heartrate  baseline VOomax and its
fitness and well- reserve pre- progression after nine months (r
being and post- =-0.65). Well-being increased by
intervention 8.7%, heart rate reserve
improved at 1- and 5 minutes
post-exercise, and resting
metabolic rate rose by 2.2%.
Tibanaet Cross- Physiological 9 trained Blood lactate, Blood lactate concentration was
al. sectional responses to males heart rate, and  higher after the shorter recovery
(2018) shorter and RPE were session (15.9 + 2.2 mmol/L)
longer CrossFit analyzed compared to the longer session
training during and (12.6 + 2.6 mmol/L; p = 0.019).
sessions. after a shorter  Blood lactate remained
and longer significantly elevated during
duration recovery for both sessions
CrossFit compared to pre-exercise. The
RPE increased immediately post-
exercise for both sessions, with
no significant differences
between WODs.
Zeitz et Cross- Physiological 22 VOzmax, VO:max significantly predicted
al. sectional determinants of  recreationally ventilatory performance in 19.1 workouts. All
(2020) CrossFit trained thresholds, strength variables showed
performance individuals and body moderate to strong positive
composition correlations with CrossFit

were analyzed,
as well as the
performance
on the
benchmark
“Fran” and
workout 19.1.

performance. Fatigue tolerance
might also play a key role in 19.1
performance.

CMJ: countermovement jump; VO2max: maximal oxygen uptake; RPE: rate of perceived exertion; WHO-5
Index: World Health Organization Well-Being Index; WOD: workout of the day.
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Maximal Oxygen Uptake

Butcher et al. (2015b) analyzed the influence of physiological variables on predicting
CrossFit performance in specific WODs. Those authors concluded that CrossFit
benchmark WOD performance did not correlate significantly with VO.max, Wingate
power/capacity, respiratory compensation, or anaerobic thresholds. Therefore, in
addition to their typical training, CrossFit athletes should likely ensure adequate
strength and aerobic endurance to optimize performance on at least some benchmark
WODs. Schlie et al. (2023) investigated the long-term effects of a CrossFit program in 16
healthy beginner participants. The training program lasted nine months, with two
sessions per week. After CrossFit training, significant improvements in VOaomax (11.5%)
and overall well-being (8.7%) were observed, with a significantly large negative
correlation between baseline VO.max and performance improvement (r = -0.65),
indicating greater adaptations in less conditioned individuals. Therefore, while VOamax
continues to serve as a key indicator of aerobic capacity, its role in CrossFit is nuanced,

requiring a blend of strength and endurance for optimal results.

Acute Responses to WODs

Butcher et al. (2015a) compared the acute responses to two CrossFit training formats:
circuit-based and high-intensity interval workouts. Both elicited vigorous cardiovascular
and perceptual responses (e.g., near-maximal HR and RPE values), but the HIIT-style
session produced significantly higher relative intensity. Fernandez-Fernandez et al.
(2015) examined the acute physiological effect of two WODs (“Fran” and “Cindy”) in
male and female individuals of different performance levels. Both WODs could be
characterized as high-intensity workouts, achieving near maximal physiological (e.g.,
90—95% of the maximum heart rate) and perceptual responses (e.g., RPE values > 8) in
all participants. Tibana et al. (2018) compared the heart rate, blood lactate concentration
and the RPE in short- (~4 min) and long-duration (~17 min) CrossFit sessions. Results
showed similarities in the maximum heart rate between both protocols, whereas blood
lactate concentration was greater in short- compared to long-duration CrossFit sessions.
This information could be relevant to determine the type of physiological stress induced
in an athlete according to duration and intensity applied during the session, to organize
the efforts during a training program. Acute physiological responses highlight the high-
intensity nature of CrossFit and the need for careful session structuring to manage stress

and fatigue.
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Studies conducted by Maté-Mufioz et al. (2017, 2018) analyzed the cardiometabolic and
muscular responses to different CrossFit workouts. Those authors found high
correlations between blood lactate concentration and the average heart rate in different
WODs (r = 0.92—0.94). Maia et al. (2019) analyzed internal and external load variables
in male CrossFit practitioners during competition. Participants performed five events:
bodyweight exercises, Olympic weightlifting, and aerobic activities. The results indicated
that two CrossFit competitions on consecutive days negatively influenced the
neuromuscular and autonomic function of the male practitioners. Based on these results,
trainers and exercise professionals must be cautious when prescribing high-intensity
training. Any training with high-intensity exercise, including recovery periods, could be
essential to avoid muscle fatigue and decrease the likelihood of injury. In addition,
coaches must be sure that individuals assigned to any CrossFit program are free of any

cardiovascular or respiratory conditions or injuries that could jeopardize their health.

Competitive Stress and Long-Term Adaptations

Faelli et al. (2020) compared the catabolic and cardiorespiratory responses of CrossFit
and resistance training in moderately trained males. Twenty participants were randomly
assigned to a CrossFit group (n = 10; 30 min/day of WOD) or a resistance training group
(n = 10; 30 min/day of resistance exercises) for three weeks. Salivary biomarkers, such
as cortisol, interleukin-1f, and uric acid, were significantly elevated in the CrossFit group
post-intervention, suggesting a higher acute catabolic effect. Additionally, VO.max and
ventilatory thresholds improved significantly in both groups, though the CrossFit group
exhibited a slightly greater effect size. No significant changes in body composition were
reported for either group across the short intervention period. CrossFit induced greater
catabolic responses than resistance training. After prolonged CrossFit engagement,
Schlie et al. (2023) highlighted long-term physiological benefits, including VOamax
enhancements and improved systemic efficiency. CrossFit’s adaptive potential is evident
in competitive and recreational contexts, with long-term physical and mental health

benefits.
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Discussion

This systematic review analyzed the biomechanical and physiological variables related to
physical performance in CrossFit. The most frequently evaluated biomechanical
variables included movement velocity, force and power output, movement technique,
vertical jump performance (e.g., CMJ), and maximum dynamic strength (e.g., 1RM).
Considering the physiological aspect, the literature most often assessed VOumax, blood
lactate concentration, HRV, and RPE. These measures reflect the dual demands of

CrossFit workouts, which blend resistance and metabolic conditioning elements.

Despite the increasing popularity of CrossFit, the number of studies assessing its
biomechanical and physiological demands remains limited, particularly among female
participants. For example, Schlegel and Kiehky (2022) examined sex-based differences
in performance at the CrossFit Games, while Mangine et al. (2023) reported that
repeated participation in CrossFit-Open workouts led to notable performance
improvements, especially among women. Similarly, Ki¢anovi¢ et al. (2022) found that
CrossFit training produced greater improvements in body composition than traditional
gym-based training in active males, thereby reinforcing CrossFit’s utility across diverse

populations.

Compared to other modalities, CrossFit appears to elicit physiological adaptations like
those seen in high-intensity interval training (HIIT) and traditional resistance programs.
Milanovi¢ et al. (2015) showed that HIIT significantly improved VO.max, while Schoenfeld
et al. (2017) demonstrated the efficacy of heavy-load resistance training in increasing
strength and hypertrophy. In CrossFit, the combination or integration of these
components offers a hybrid model capable of improving cardiovascular fitness,
anaerobic capacity, and body composition across training levels (Gianzina and
Kassotaki, 2019; Mangine et al., 2020). Furthermore, due to its time-efficient design,
characterized by short rest periods, high power output, and multi-joint movements,
CrossFit may offer practical advantages over more time-consuming traditional exercise
formats (Claudino et al., 2018; Fernandez-Fernandez et al., 2015). Notably, high-
intensity interval training has also been shown to improve cognitive domains such as
inhibitory control and working memory (Yue et al., 2025). Given its structural
similarities to HIIT, CrossFit may elicit comparable cognitive benefits, although this
hypothesis requires direct testing. Beyond identifying the most studied performance
variables, it is critical to interpret what these findings imply for training practices.

Movement velocity and power output, for instance, which are strongly correlated with
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neuromuscular fatigue, were widely assessed in the reviewed studies (Gonzalez-Badillo
etal., 2022; Sdnchez-Medina and Gonzalez-Badillo, 2011). Prior research has shown that
reductions in movement velocity, particularly during resistance training, can serve as
reliable proxies for internal fatigue and metabolic stress (Pareja-Blanco et al., 2020;
Sanchez-Medina and Gonzalez-Badillo, 2011). Although this approach has not yet been
applied directly in CrossFit, the concept holds promise as a practical, non-invasive
method to monitor training intensity and recovery during WODs. From a programming
standpoint, velocity-based resistance training could help coaches fine-tune training
loads and reduce injury risk due to overreaching, especially during high-volume or high-
intensity phases. To advance this line of inquiry, future longitudinal studies should
examine the magnitude of velocity loss during different WOD formats, such as “Cindy”
and “Fran”, to analyze the degree of neuromuscular fatigue as well as the recovery pattern
over time. Additionally, future studies should seek to validate velocity-based fatigue
monitoring by comparing it with EMG markers of neuromuscular function during and

after CrossFit workouts.

Vertical jump performance, particularly through CMJ testing, also emerged as a
standard metric of lower-body power and fatigue. Among the included studies, CMJ
performance consistently declined following intense WODs, validating its use as an acute
fatigue marker. Its reliability and non-invasive nature make the CMJ a suitable tool for
assessing readiness or adjusting training prescriptions in real time. For instance, coaches
might delay maximal efforts or reduce volume on days when CMJ performance is
compromised. Similarly, 1RM strength testing was prevalent, particularly in Olympic
lifts and squats. Findings indicate that CrossFit can yield meaningful strength
adaptations, especially among experienced athletes (Bellar et al., 2015). These results are
consistent with outcomes seen in traditional resistance training literature (Schoenfeld et
al., 2017), affirming the value of incorporating structured strength components within
WOD programming. These findings point to the importance of integrating joint mobility,
strength, and stability assessments into CrossFit training. Doing so may improve both

performance quality and injury resilience during complex, high-load exercises.

From a physiological standpoint, VO.max improvements were well documented across the
reviewed studies and consistent with gains seen in HIIT protocols (Milanovic¢ et al.,
2015). These results support the aerobic efficacy of CrossFit, particularly in novice and
recreationally trained populations. Additionally, blood lactate levels and the RPE were
consistently elevated post-WOD, indicating high anaerobic and perceptual demands.

These responses underline the need for careful recovery planning and suggest that
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fatigue management should be a key consideration in WOD sequencing. Meanwhile,
HRYV data, though limited, pointed to autonomic disturbances following high-intensity
efforts, reinforcing the importance of tracking recovery in athletes exposed to frequent
WODs. These findings align with observations from Seo et al. (2024), who reported sex-
based differences in HRV and vascular function following high-intensity interval

training, suggesting that autonomic adaptations may be influenced by sex.

Findings from this review also highlight differences in training adaptations between
novice and experienced CrossFit athletes. Individuals with more training experience
consistently demonstrated superior aerobic and anaerobic performance (Bellar et al.,
2015; Butcher et al., 2015a), and greater familiarity with CrossFit-specific tasks appeared
to enhance the training effect (Zeitz et al., 2020). On the other hand, beginners may
experience less pronounced improvements initially, potentially due to the high fatigue
levels induced by typical WODs. For this population, it may be advisable to implement
lower-intensity sessions early on and progressively increase volume and intensity.
Coaches are encouraged to support and educate novices through this adaptation phase
to ensure long-term adherence and benefits (Schlegel and Kiehky, 2022). Future
investigations should also consider sex-based differences in physiological and
biomechanical responses to CrossFit training. Recent evidence has demonstrated sex-
specific physiological adaptations to CrossFit training. For instance, Barreto et al. (2024)
reported differential hematological reactions between men and women following 24
weeks of CrossFit, reinforcing the importance of considering sex-based factors when
analyzing training adaptations. Stratified analyses by sex may clarify how males and
females differ in adaptation patterns, performance output, and injury susceptibility,

enabling more precise training recommendations.

It is important to acknowledge the methodological variation across included studies.
Experimental designs generally scored highly on the PEDro scale, supporting the
reliability of their findings. In contrast, cross-sectional studies varied slightly in
methodological quality based on the JBI checklist, particularly in aspects like
participants’ selection and confounder control. While no studies were excluded due to
low quality, these differences might affect the consistency of observed effects and should
be considered when interpreting the results. The current review also included diverse
populations (trained vs. untrained; males vs. females), study designs (cross-sectional vs.
longitudinal), and outcome variables. While this heterogeneity reflects the breadth of
CrossFit research, it also limits the direct comparability of findings. For example,

strength and endurance outcomes may differ substantially between trained and novice
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athletes, and physiological responses can vary by sex. A more stratified analysis of
CrossFit’s effects, by training level and sex, is needed to provide tailored

recommendations and deepen our understanding of its efficacy.

Altogether, these insights highlight the multifactorial nature of performance in CrossFit,
where physiological readiness, technical proficiency, and recovery management
converge. Future research that incorporates sex-specific analysis, real-time monitoring,
and standardized fatigue assessments will be essential for refining CrossFit training
strategies. Moreover, the growing availability of wearable technologies presents a
promising avenue for monitoring movement quality and fatigue in real time. Future
research should investigate the validity of using accelerometers, gyroscopes, and force-
sensing devices to detect technique breakdowns, track loading patterns, and optimize

feedback during CrossFit workouts.

Limitations

The literature revealed that CrossFit training is important in athletes’ physical
performance. The present review revealed important information about the variables
that may better explain CrossFit training and competition performance. However, it is
important to highlight that results of this review present several limitations. First, no
meta-analysis was conducted. Due to the considerable heterogeneity in the study design,
outcome measures, and participants’ characteristics, a meta-analysis was not feasible.
Although a narrative synthesis was used to integrate findings, the absence of a formal
effect direction summary limits the ability to quantify overall effect trends. Future
reviews might explore subgroup analysis or stratified meta-analysis, where data allow for
such an approach. Second, the methodological quality of the included studies was
assessed using the PEDro scale (for randomized controlled trials) and the JBI checklist
(for cross-sectional studies). Although no studies were excluded due to low quality, issues
such as small sample sizes, limited use of control groups, and lack of blinding may have
affected the internal validity and consistency of results. Third, the studies included in
this review encompassed a broad range of participants, including novice and experienced
athletes, males and females, and recreational versus competitive populations. This
population heterogeneity limits generalizability and makes it difficult to draw specific
conclusions applicable to all subgroups. Performance improvements and physiological
adaptations were often more pronounced in experienced athletes, suggesting that
training status should be more clearly accounted for in future analysis. Finally, female

participants were underrepresented in several of the reviewed studies, reflecting a
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broader imbalance in CrossFit research. Given the emerging evidence on sex-based
differences in training responses and injury patterns (Mangine et al., 2023; Schlegel and
Kiehky, 2022), this underrepresentation limits the applicability of findings to female
athletes. This underrepresentation of female athletes is particularly limiting given
emerging evidence of sex-specific adaptations. Barreto et al. (2024), for instance,
reported differential hematological responses between men and women after prolonged
CrossFit training, underscoring the necessity of sex-stratified research to develop
tailored training recommendations. Increasing female inclusion is essential to ensure
more inclusive and generalizable insights. Despite these limitations, this review provides
a detailed synthesis of current knowledge and identifies key biomechanical and

physiological markers relevant to CrossFit performance, monitoring, and programming.

Practical Implications

Understanding the biomechanical and physiological demands of CrossFit is essential for
several practical applications across coaching, performance optimization, and injury
prevention. Based on the findings of this review, the following implications should be

emphasized:

i) Optimizing athletic performance. Performance-related variables such as the
CMJ, the 1RM load, and force or power output were among the most frequently
measured in the literature. These key performance metrics can be used to inform
individualized resistance training programs. For example, monitoring CMJ
performance across resistance training cycles may provide insight into
neuromuscular readiness and fatigue status, while monitoring 1RM trends helps

assess strength development and program effectiveness.

ii) Injury prevention and rehabilitation enhancement. Several studies identified the

shoulder, the spine, and the knee as the most frequently injured areas in CrossFit
athletes (Gardiner et al., 2020; Rodriguez et al., 2022). Cejudo (2022) further
demonstrated that a limited range of motion in the upper limbs, particularly in
shoulder external rotation and wrist extension, negatively impacted technical
execution in movements such as the power clean. Identifying these
biomechanical deficits early can aid in correcting movement patterns, reducing

injury risk, and supporting safer rehabilitation processes.
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iii) Improved training load management. Physiological markers such as blood lactate

iv)

V)

concentration and HRV were shown to fluctuate significantly after WODs (Maté-
Muioz et al., 2018; Tibana et al., 2018). These variables provide valuable real-
time data on the internal load and recovery needs. Coaches can use these insights
to regulate session intensity better, implement recovery strategies, and avoid

overtraining, especially in high-volume or competition phases.

Enhancing coaching strategies and feedback. A deeper understanding of
movement velocity, power development, and fatigue progression allows coaches

to provide more effective and individualized feedback during training. For
instance, using velocity loss as a proxy for neuromuscular fatigue may help

coaches adjust work-rest ratios or exercise prescriptions on the spot.

Integration of evaluation and monitoring tools. The use of tools such as the CMJ,

movement velocity recording, lactate concentration measurements, and
technical movement assessments can be integrated directly into the training
environment to monitor progress and adjust programming dynamically. These
tools can help coaches and practitioners make evidence-informed decisions and

create more responsive training cycles aligned with the athlete’s current state.

Conclusions

This systematic review examined the biomechanical and physiological variables most

frequently assessed in CrossFit training and competition. Based on the included studies,

the following conclusions can be drawn:

CrossFit training, like other forms of high-intensity training, is associated with
improvements in VO.may, muscle strength, hypertrophy, and muscle endurance,
while contributing positively to body composition, particularly through
reductions in fat mass and increases in lean body mass (Kicanovi¢ et al., 2022;

Mangine et al., 2023) (Table 5).

When training volume, relative load, and technical execution are adequately

managed, CrossFit can be a safe and effective method of improving fitness in
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healthy adults, including recreational practitioners and beginners seeking a

diverse and challenging workout routine.

— Biomechanical and physiological variables are commonly used to assess
performance and fatigue. The most frequently measured biomechanical markers
included movement velocity, force and power output, the CMJ, movement
technique, and 1RM strength, as detailed in Table 4. On the physiological side,
blood lactate concentration, VO.ma, HRV, and RPE were the most reported
(Table 5).

— Several studies indicated strong correlations between strength/power indicators
(e.g., 1IRM, CMJ, velocity loss) and CrossFit performance, particularly in
benchmark workouts. In addition, movement technique and postural control,
such as range of motion in complex lifts like the power clean, also played a role

in performance outcomes, as demonstrated by Cejudo (2022).

— The combined aerobic and anaerobic demands of CrossFit training promote
cardiovascular adaptations while simultaneously inducing substantial
physiological stress. This aspect was reflected in elevated blood lactate
concentration during WODs and in shifts in HRV and RPE scores post-exercise
(Maté-Munoz et al., 2018; Tibana et al., 2018), highlighting the importance of

these variables for fatigue monitoring and recovery planning.

— Experienced CrossFit practitioners tend to display greater aerobic capacity,
anaerobic power, and training adaptability compared to novices, likely due to
greater familiarity with movement standards and competition demands
(Mangine et al., 2023; Zeitz et al., 2020). This evidence reinforces the importance
of progressive training design for beginners to avoid early fatigue and improve

long-term adherence.

Overall, this review reinforces the multidimensional nature of CrossFit, which integrates
physiological conditioning with complex movement patterns and variable intensity.
These features contribute to improvements in multiple aspects of physical performance,

provided the training is structured, individualized, and monitored appropriately.
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Study 2. Exploratory Analysis of Correlations Between
Physiological and Biomechanical Variables and

Performance in the CrossFit Fran Benchmark Workout

Abstract

The multifactorial nature of CrossFit performance remains incompletely understood,
particularly regarding sex- and experience-related physiological and biomechanical
factors. Fifteen trained athletes (8 males, 7 females) completed assessments of
anthropometry, estimated one-repetition maximums (bench press, back squat, deadlift),
squat jump (SJ), maximal oxygen uptake (VO2max), ventilatory responses (VE), and
heart rate (HR). Spearman, Pearson, and partial correlations were calculated with Holm
and false discovery rate (FDR) corrections. The results showed that males displayed
greater body mass, lean and muscle mass, maximal strength, and aerobic capacity than
females (all Holm-adjusted p < 0.01). Experienced athletes completed Fran faster than
beginners despite broadly similar anthropometric and aerobic profiles. In the pooled
sample, WOD time showed moderate negative relationships with estimated 1RM back
squat (p = —0.54), deadlift (p = —0.56), and bench press (p = —0.65) before correction;
none remained significant after Holm/FDR adjustment, and partial correlations
controlling for training years were further attenuated. This exploratory study provides
preliminary evidence suggesting that maximal strength may contribute to Fran
performance, whereas conventional aerobic measures were less influential. However,
given the very small sample (n = 15, 8 males and 7 females) and the fact that no
relationships remained statistically significant after correction for multiple testing, the
results must be regarded as preliminary, hypothesis-generating evidence only, requiring

confirmation in larger and adequately powered studies.

Keywords: CrossFit, maximal strength, aerobic fitness, training experience, sex

differences, exploratory analysis
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Introduction

CrossFit is a high-intensity sport that combines weightlifting, gymnastics, and metabolic
conditioning, requiring athletes to perform complex movements under fatigue with
efficiency and control (Tank & Chung, 2021). Performance is influenced by
biomechanical, physiological, and psychological factors, including strength, aerobic
capacity, neuromuscular coordination, and mental resilience (Mangine et al., 2020;
Meier et al., 2023; Toledo et al., 2021). Athletes with greater muscular fitness and aerobic
efficiency generally show superior outcomes, particularly in workouts demanding
sustained effort and rapid transitions (Bellar et al., 2015; Magine et al., 2020; Meier et
al., 2023). Among these attributes, cardiorespiratory fitness (e.g., VO2max and
ventilatory thresholds) is associated with quicker recovery between bouts (Dexheimer et
al., 2019), while muscular strength enables athletes to lift heavier loads and maintain
technical execution under fatigue (Dominski et al., 2020). Optimal CrossFit performance
therefore appears to require a combination of physical capacity and psychological
readiness (Claudino et al., 2018; Heinrich et al., 2023; Martinez-Goémez et al., 2020;

Meyer et al., 2017).

Strength and aerobic capacity have consistently been highlighted as foundational
attributes (Behm et al., 2017; Tibana et al., 2021). Strength, particularly maximal values
derived from the back squat (BS), deadlift (DL), and bench press (BP), supports Olympic
lifting, stability under load, and bodyweight efficiency (Qiu et al., 2016; Meier et al.,
2023). Aerobic capacity, typically assessed via VO.max and ventilatory thresholds,
sustains work output and facilitates recovery in longer-duration workouts (Sanchez et al,
2022; Sauvé et al., 2024; Tibana et al., 2021). These qualities are commonly evaluated
through 1RM estimations, jump protocols, and treadmill gas exchange (Benavides-Ubric
et al., 2020; DominskKi et al., 2020; Lourenco et al., 2011). In recent years, velocity-based
methods using the load—velocity (L—V) relationship have provided a valid, efficient, and
lower-risk alternative to direct 1RM testing (Anderson & Pandy, 1993; Gonzalez-
Hérnandez et al., 2020; Sanchez-Medina et al., 2011; Young, 1995). The application of
strength, aerobic, and neuromuscular tests in CrossFit research provides a multifaceted
physiological and biomechanical profile relevant for monitoring adaptation and
predicting performance (Cataldi et al., 2021; Hernandez-Belmonte et al., 2023;
Martinez-Gomez et al., 2019; Sanchez-Medina et al., 2017; SAnchez-Medina et al., 2011).
Yet, the literature does not fully agree on which predictors dominate. Some studies
emphasize strength as the key determinant (Qiu et al., 2016), while others highlight

aerobic capacity, particularly among female athletes. Mangine et al. (2020) reported that

36



Chapter 3. Experimental Studies

strength and anaerobic power were most predictive for men, whereas Martinez-Gomez
et al. (2020) found aerobic factors to be stronger predictors in women. These findings
indicate that sex and training experience may modulate the relative contribution of
different physical qualities, but the extent and consistency of these effects remain

unclear.

To examine such relationships in an ecologically valid setting, benchmark workouts such
as Fran are frequently employed. Performance in Fran, expressed as total completion
time, reflects the athlete’s ability to integrate force production, movement efficiency, and
endurance capacity under high-intensity conditions (Meier et al., 2023). This workout is
one of the most widely recognized CrossFit benchmarks, consisting of descending sets of
thrusters and pull-ups, and is valued for its simplicity, repeatability, and ability to
simultaneously tax strength, aerobic fitness, and coordination (Heinrich et al., 2023;
Langford et al., 2023; Feito et al., 2018). Its ecological validity is further reinforced by
the standardized load prescriptions and scaling practices that preserve intensity across
different fitness levels (Rios et al., 2024; Cruz-Diaz et al., 2020). Although Fran provides
a relevant and applied context, it represents only a single CrossFit workout. Previous
studies have examined predictors of CrossFit performance, but they have typically
addressed isolated domains (e.g., strength or aerobic capacity) or broader batteries of
tests, without simultaneously integrating biomechanical, physiological, and
anthropometric correlates within the same applied workout (Mangine et al., 2020;
Tibana et al., 2021; Qiu et al., 2016; Sanfilippo et al., 2019; Langford et al., 2019).
Moreover, few studies have explicitly accounted for sex-related differences and training
experience as potential modifiers of these relationships. Given the limited availability of
integrated, multifactorial analyses in applied CrossFit settings—and the inherent
challenges of recruiting large, homogeneous samples—there remains a gap in
understanding how these combined attributes contribute to benchmark performance

under ecologically valid conditions.

Therefore, the present investigation was designed as an exploratory, hypothesis-
generating study aimed at examining potential biomechanical and physiological
correlates of performance in the benchmark workout Fran, with sex treated as a grouping
factor and training experience incorporated as a covariate to account for potential
confounding. We hypothesized that biomechanical and physiological variables would
differ by sex, be affected by expertise, and display relationships with performance

outcomes.
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Materials and Methods

Study Design

A cross-sectional exploratory design was used to examine potential associations between
physiological, neuromuscular, biomechanical variables and specific performance in
CrossFit athletes. The primary outcome variable was the time to complete the benchmark
WOD “Fran”, while the independent variables included strength, cardiorespiratory, and
movement-based variables. Fifteen trained CrossFit athletes (8 males, 7 females)
participated in the study and were evaluated at a single time point using a set of
standardized laboratory and field-based assessments (Edouard et al., 2017). Training
experience (years of CrossFit practice) was recorded as a continuous variable and later
used as a covariate in statistical models, rather than as a categorical grouping factor. This
approach minimized subgroup instability and maintained statistical power in a small

sample.

The study was conducted over six non-consecutive days (with at least 48 h of rest in
between sessions), during which participants underwent comprehensive assessments of
body composition, strength variables (1IRM in BS, DL, and BP, and squat jump
evaluation), and cardiorespiratory fitness (VO2max, heart rate (HR), and resting
perceived exertion (RPE)). On day 6, participants completed the WOD “Fran”, a workout
consisting of 21-15-9 repetitions of thrusters and pull-ups, performed for time, which
served as the primary performance outcome. The experimental protocol was structured
into three sequential phases to allow for comprehensive profiling of physiological and
biomechanical capacities relevant to high-intensity training (Figure 1). The first phase
included baseline assessments, consisting of anthropometrics, body composition
analysis, a squat jump test (Benavides-Ubric et al., 2020), and strength testing using
incremental 1RM protocols for the BS (Hérnandez-Belmonte et al., 2023; Sanchez-
Medina et al., 2017), BP (Sanchez-Medina et al., 2017), and DL (Benavides-Ubric et al.,
2020). The second phase focused on the cardiorespiratory evaluation, which included a
treadmill-based test to determine VO2max, heart rate response (Lourenco et al., 2011),
and rating perceived of exertion (RPE) (Borg, 1982). The final phase, on day 6, involved
execution of the “Fran” WOD under controlled conditions. During the WOD, internal
load was continuously monitored to quantify physiological stress and assess real-world
ability capacity. All assessments were performed under standardized and controlled
laboratory or field conditions, following established protocols to ensure consistency,

reliability, and reproducibility across all measurement domains.
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Although 20 athletes volunteered, only 15 completed all phases (8 males: 27.9 + 5.8 y,
75.2 £ 5.0 kg, 176.5 + 5.7 cm; 7 females: 27.4 + 3.1y, 61.0 * 4.5 kg, 165.0 + 3.4 cm). Given
the small overall sample and the exploratory nature of the investigation, no priori power
analysis was performed; instead, effect sizes and confidence intervals are reported to

inform the design of future confirmatory studies.

No a priori sample size calculation was conducted, as this study was explicitly designed
as exploratory and hypothesis-generating, based on the convenience sample of trained
CrossFit athletes available during the recruitment period. Effect sizes and confidence
intervals were therefore prioritized in the analysis to provide preliminary evidence to

guide future confirmatory research.

For time:
21 Thrusters
21 Pull ups
15 Thrusters
15 Pull ups
9 Thrusters
9 Pull ups

%

a 5

1RM Back Squat assessment

5

& I

Treadmill test
1RM Bench Press assessment

{0

'iﬂo

Rating of perceived exertion

Ecdy compostition

Oxygen uptake

Squat jump assessment

Heart rate

Figure 1. Schematic representation of the experimental protocol.

Sample

A group of 20 trained CrossFit athletes (10 men and 10 women) volunteered to
participate in this study. However, two males and three females were absent from at least
one testing session (due to illness, injury, or unjustified reasons). Thus, the final sample
consisted of 15 participants, comprising 8 males (age: 27.9 + 5.8 years; body weight: 75.2
+ 5.0 kg; height: 176.5 £ 5.7 cm) and 7 females (age: 27.4 + 3.1 years; body weight: 61.0
+ 4.5 kg; height: 165.0 + 3.4 cm). All participants were actively training in CrossFit at the
time of data collection, with a minimum of one year of continuous practice and a weekly

training frequency of at least three sessions. Training history (years of CrossFit practice)
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was recorded for each participant and later used as a continuous covariate in statistical
analysis to account for its potential confounding influence, rather than to define discrete
subgroups. Weekly training load and competition level are acknowledged as potential
confounders. All participants were informed of the study procedures and provided
written informed consent. The study was conducted under the Declaration of Helsinki

and approved by the institutional ethics committee (CE-UBI-Pj-2024-090-1D2772).

All participants completed a familiarization session one week before testing, including
practice trials for the treadmill protocol, L-V testing, and jump assessments. This
ensured technical competence and minimized learning effects. Test—retest reliability was
established in a subset of participants (n = 5), yielding ICC values ranging from 0.88—
0.94 for strength measures and 0.86—0.92 for jump variables, consistent with previous

reports (Grgic et al., 2020).

Maximum Strength Assessment in the Back Squat, Bench Press, and
Deadlift

Recent strength testing research supports the high reliability of load—velocity (L-V)
based strength estimation. For example, Gonzalez-Badillo & Sanchez-Medina (2010),
demonstrated a very tight association between mean propulsive velocity (MPV) and
%1RM in bench press, which remained stable across sessions. Lawson et al. (2024)
reported good to excellent intraclass correlation coefficients (ICC) across velocity
measurement devices in exercises such as the back squat and bench press, which
supports the methodological decision in this study to use velocity-based estimations and
ensure consistency in testing. Prior to each physical test, participants completed a
structured warm-up to ensure safety, readiness, and consistent neuromuscular
performance. A general warm-up (10 min of light aerobic activity such as cycling or
jogging, followed by dynamic mobility drills and muscle activation exercises) was
conducted before each test. This was followed by test-specific warm-up routines,
described in detail below. Participants received verbal encouragement to ensure maximal
effort in all repetitions. All strength tests were conducted using a free-weight Olympic
barbell (20 kg, Eleiko, Halmstad, Sweden) and monitored with a Chronojump linear
position transducer (Boscosystem, Barcelona, Spain; 3 m cable, 160 Hz sampling rate,
24-bit ADC), which was attached to the bar to record mean concentric velocity. Each test
employed a progressive loading protocol, concluding near 80% of the participants’ one-
repetition maximum (1RM) (Sanchez-Medina et al., 2011). This approach minimized

fatigue and injury risk while maintaining ecological validity, estimating the 1RM value.
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Back Squat

Back squat performance was assessed using a submaximal, velocity-based loading
protocol. A detailed description of the testing procedure used in this study has been
reported elsewhere (Hérnandez-Belmonte et al., 2023; Sanchez-Medina et al., 2017). For
the execution of each repetition, the participants placed the bar on the upper trapezius.
In addition, participants were asked to always perform the eccentric phase at a controlled
velocity, while the concentric phase was always performed at maximal intended velocity.
The specific warm-up included dynamic mobility drills, and 2 sets of 8 and 6 repetitions,
respectively, with 20 kg (3-min apart). Following warm-up, testing began at 20 kg for all
participants, with progressive increments of 10—20 kg depending on bar velocity, until
the movement velocity was less than 0.70 m-s~* (~80% 1RM). At each load, participants
completed 2—3 repetitions with maximal concentric intent, interspersed with 2—3 min of
rest. Only technically valid repetitions performed with full range of motion (i.e., thighs
below parallel) were analyzed. The fastest repetition per load, as determined by the
highest mean velocity of the propulsive phase (MPV) (Sdnchez-Medina et al., 2010), was
used for velocity profiling. Estimated 1RM (1RMest) was calculated for each individual
from the MPV attained against the heaviest load (kg) lifted in the progressive loading
test, as follows: (100 x load)/(25.961 x MPV2) — (50.71 x MPV) + 117 (Sanchez-Medina

et al., 2017).

Bench Press

A detailed description of the testing procedure used in this study has been reported
elsewhere (Sanchez-Medina et al., 2017). Participants lay supine on a flat bench using a
self-selected grip. Specific warm-up consisted of Dynamic shoulder and thoracic mobility
drills (e.g., scapular push-ups, shoulder circles), and 2 sets of 8 and 6 repetitions,
respectively, with 20 kg (3-min apart). Testing began with 20 kg and progressed in 5-10
kg increments until the movement velocity was less than 0.50 m-s—* (~80% 1RM). At each
load, participants completed 2—3 repetitions with maximal concentric velocity. Rest
intervals were 2—3 min. Proper technique (i.e., feet flat, bar lowered under control to the
chest without bounce, and no excessive lumbar extension) was required in each
repetition. The fastest technically valid repetition per load was retained for the
subsequent analysis. Estimated 1RM was calculated for each individual from the MPV
attained against the heaviest load (kg) lifted in the progressive loading test, as follows:
(100 x load)/(8.4326 x MPV2) — (73.501 x MPV) + 112.33 (Gonzalez-Badillo et al.,

2010).
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Deadlift

Deadlift assessment was based on the protocol by Benavides-Ubric et al. (2020), using a
conventional stance and pronated grip. The specific warm-up included: joint mobility
(e.g., hip circles, spinal flexion/extension) and 2 sets of 8 and 6 deadlift repetitions with
0.3 kg and 20 kg loads, respectively. The initial load was set at 20 kg for all participants.
Then, the progressive loading sequence was structured as follows: (i) 20 kg increments
until mean propulsive velocity (MPV) < 0.80 m-s-* (3 reps per load); (ii) 10 kg increments
for MPV 0.80—0.60 m-s (2 reps per load). Testing concluded when the MPV values
corresponded approximately to 80% of the 1RM (0.58 m-s—1). Technical validity required
a vertical bar path, full hip and knee extension, and no rebending of the knees. The fastest
valid repetition per load was used for the subsequent analysis. Rest intervals of 3 min
were maintained between sets. Estimated 1RM was calculated for each individual from
the MPV attained against the heaviest load (kg) lifted in the progressive loading test, as
follows: (100 x load)/(-71.681 x MPV) + 121.118 (Benavides-Ubric et al., 2020).

Squat-Jump Test

In this test, participants began from a stationary semi-squat position on a portable force
platform (42 x 59 cm, Chronojump Boscosystem, Barcelona, Spain). With knees flexed
to approximately 9o degrees, participants performed a maximal vertical jump without
countermovement, extending their legs in a single explosive action. Arms remained on
the hips throughout, and landing was standardized on the toes to ensure consistency.
Performance was assessed based on vertical jump height (cm), which was calculated
from flight time using Chronojump’s integrated software version v2.2.3 (sampling
frequency: 1000 Hz). Each participant performed 3 attempts with 50—60 s recovery time.

The highest jump was retained for analysis.

Treadmill Test for Respiratory Gas Exchange and Heart Rate

Evaluation

Participants performed a graded treadmill test to assess maximal oxygen uptake (VOamax)
and estimate energy expenditure under standardized conditions. Respiratory gas
exchange was measured using a breath-by-breath portable gas analyzer (VO2 Master
Health Sensors Inc., Vernon, BC, Canada), and heart rate (HR) was continuously
monitored with a chest strap device (Polar S610, Kempele, Finland). The gas analyzer

was calibrated for both volume and gas concentrations prior to each session, following
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the manufacturer’s guidelines to ensure accurate and reliable measurements. The VO2
Master system, as well as the chest strap device, have been validated in previous research
(Feito et al., 2018; Marzano-Felisatti et al., 2024; Batterham et al., 2006), demonstrating
strong agreement with criterion laboratory-based systems, making it suitable for field
and applied sport science settings. VO2max was determined using standard criteria
(achievement of volitional exhaustion plus a plateau in VO, despite increasing speed,
RER > 1.10, or HR > 90% age-predicted maximum). Ventilatory thresholds (VT1, VT2)
were determined using the V-slope method and confirmed by ventilatory equivalents
(VE/VO,, VE/VCO,) and excess CO, criteria. Threshold identification was conducted by
two experienced evaluators blinded to the participant subgroup. Inter-rater reliability for

VT determination was excellent (ICC = 0.91).

To minimize learning effects, all participants completed a familiarization session one
week before data collection, including practice trials for the treadmill, L—V strength
assessment, and jump tests. Reliability testing was conducted in a subset of 5
participants, yielding intraclass correlation coefficients (ICCs) between 0.86 and 0.94
across strength and jump measures, consistent with previous reports in similar

populations.

After a 3-min warm-up at 8—8.5 km-h, the test began at 9 km-h—1 with a fixed incline
of 1%. This starting speed was based on performance during prior familiarization
sessions. The protocol involved incremental increases in treadmill speed by 0.3 km-h-!
every 25 s, continuing until volitional exhaustion. Participants were verbally encouraged
to maintain their effort for as long as possible. VO, and HR were recorded breath by
breath and averaged over 30-s intervals for analysis, allowing for precise determination

of VO.max and mean physiological values throughout the test.

Workout of the Day (WOD)

The benchmark CrossFit workout “Fran” is a widely recognized and frequently used
protocol within high-intensity training (HIT), valued for its simplicity and capacity to
challenge multiple fitness components such as strength, endurance, and coordination
(Feito et al., 2018). Comprising descending sets of 21, 15, and 9 repetitions of thrusters
and kipping pull-ups, “Fran” is designed to be completed in the shortest possible time,
generating a potent cardiovascular and muscular stimulus. Its structure makes it
especially effective for assessing exercise tolerance and overall fitness capacity in training

settings (Heinrich et al., 2023). Participants completed Fran according to their
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individual training level, using either the Rx or scaled prescription. For correlation
analyses, all results were based on athletes’ actual completion times. We acknowledge
that scaling introduces heterogeneity and may influence comparability; this was

considered in the interpretation of the results.

In the present study, participants completed either Rx (as prescribed) version, with a
barbell load of 43 kg for males and 29 kg for females, or a scaled version adjusted to
individual abilities. Scaled options included lighter loads and pull-up modifications (e.g.,
band assistance or jumping pull-ups), ensuring inclusivity without compromising the
workout’s intensity (Cruz-Diaz et al., 2020). This individualized approach aligns with
best practices in HIT programming, where scaling is used to preserve safety and
ecological validity across varying fitness levels (Dominski et al., 2020). Emphasis on
proper execution, such as achieving full squat depth and elbow lockout in thrusters,
reflects the importance of standardized performance metrics for both safety and reliable
data collection (O’Neal et al., 2016). While “Fran” has also been explored in broader
contexts, such as its psychosocial benefits (McLaren et al., 2016), its utility in evaluating

physical performance under high-intensity conditions remains clear (Rios et al., 2024).

Rating of Perceived Exertion (RPE)

The RPE was used to assess participants’ subjective perception of effort following two
key phases of the protocol: the incremental treadmill test and the CrossFit benchmark
workout (i.e., Fran WOD). RPE was recorded using the modified Borg CR10 scale, which
ranged from o (no effort) to 10 (maximum exertion). Participants were instructed on how
to interpret and use the scale prior to testing. After completing each effort (treadmill test
and Fran WOD), participants were asked to report their overall perceived exertion based
on the full-body experience of fatigue, breathlessness, and muscular strain. This measure
provided valuable insight into internal load and exertional stress, complementing

physiological data such as heart rate and oxygen uptake (Benjamini et al., 1995).

Variables Extracted for Analysis

From each physical and physiological test, a specific set of variables was extracted. For
the BS, BP, and DL (performed at approximately 80% of 1RM), the following metrics
were recorded: estimated one-repetition maximum (1RM, in kilograms), mean
concentric velocity (m/s), mean power output (watts), and mean force output (newtons).

In the squat jump (SJ), variables included jump height (cm), calculated from flight time,
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take-off velocity (m/s), mean power output (watts), and time of flight (seconds). The
cardiorespiratory test provided mean VO. and maximal VO. (both in mL-kg-*-min-?), as
well as mean heart rate (beats per minute). Anthropometric and body composition
assessments yielded body mass (kg), height (cm), lean mass (kg), muscle mass (kg), and
fat mass percentage (%). Additionally, age (years) was recorded as a demographic
variable. All these variables were included in the correlation analysis with WOD time
performance (in seconds), first across the total sample and subsequently stratified by sex

(male vs. female) or training experience (beginners vs. experts).

Statistical Analysis

Standard statistical methods were used for descriptive calculations (mean + SD or
median [IQR] as appropriate). Normality was examined with the Shapiro-Wilk test and
homogeneity of variances with Levene’s test. Because several variables deviated from
normality and the sample was small, non-parametric and estimation-based approaches
were prioritized. Sex differences were examined with independent-samples t-tests or
Mann-Whitney U tests as appropriate, with effect sizes (Hedges g or Cliff’s §) and 95%
confidence intervals (CI) considered the primary outcomes. Associations between Fran
performance time and physiological or biomechanical variables were assessed using
Pearson and Spearman correlations, and partial correlations controlling for training
experience (years) to account for potential confounding. Correlation coefficients (r, p)
and their magnitude were emphasized, while p-values were reported only descriptively.
To limit the risk of Type I error from multiple testing, Holm-Bonferroni and Benjamini-
Hochberg false discovery rate (FDR) corrections were applied (Blair, 2007) . Both
unadjusted and adjusted p-values are provided for transparency, but the results were
interpreted primarily in terms of effect size magnitude and precision, consistent with the
exploratory purpose of the study. All analyses were performed in IBM SPSS Statistics
(Version 23; IBM Corp., Armonk, NY, USA) and JASP (Version 0.18.3.0; JASP Team,
Amsterdam, The Netherlands). Statistical significance was interpreted cautiously,
emphasizing effect size magnitude and confidence intervals in keeping with the study’s

exploratory, hypothesis-generating purpose.
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Results

Exploratory Analysis of Sex Differences in Anthropometric,

Physiological, and Biomechanical Characteristics

Table 1 summarizes the descriptive characteristics of the participants by sex, including
mean + SD, Hedges g effect sizes, and 95% confidence intervals. Men were taller and
heavier and exhibited greater lean and muscle mass compared with women, with large
effect sizes (e.g., body mass g = 2.1, height g = 1.7, lean mass g = 2.0). Strength-related
variables (estimated 1RM back squat, deadlift, and bench press) likewise showed large
sex differences (g > 1.5). In contrast, fat mass percentage displayed small and non-
meaningful differences (g = —0.5). Aerobic fitness variables (VO.max and ventilatory
thresholds) and neuromuscular power (squat jump height) showed small-to-moderate
sex differences, with confidence intervals overlapping zero. Training experience,
recorded as years of continuous CrossFit practice, was entered as a covariate and

therefore not treated as a grouping factor in these analyses.

Table 1. Sex comparisons are presented with effect sizes and 95% confidence intervals.

Variable Male Mean + SD Female Mean + SD Hedges g (95% CI)
Age (years) 28.9+7 27.3+6 0.24 (-0.78, 1.25)
Body mass (kg) 79.0+£ 9 62.3+5 2.13 (0.86, 3.40)
Height (cm) 179+ 9 166 £ 5 1.72 (0.53, 2.91)
Fat Mass (%) 17.7+5 19.7+2 -0.49 (-1.52, 0.54)
Lean Mass (kg) 65.0 £ 8 48.0+ 4 2.07 (0.82, 3.33)
Muscle Mass (kg) 33.9+5 22.1+2 4.61(2.67, 6.54)
Years of CrossFit 4.4+ 4 3.7+2 0.19 (-0.83, 1.21)
VO2omax [mL/kg/min] 57.4+7 44.4 £5 2.04 (0.79, 3.30)
1RM Back Squat (kg) 124 + 28 84 +13 2.03 (0.80, 3.31)
1RM Deadlift (kg) 151 + 28 92 + 15 1.97 (0.73, 3.20)
1RM Bench Press (kg) 83+ 16 43.2+7 2.81(1.38, 4.23)
SJ height (cm) 32.2+6 26.7+5 0.95 (-0.12,2.02)
WOD Time (sec) 374.9 £ 154 476.1 £ 190 -0.56 (-1.59, 0.48)

Note: Values are mean + SD unless otherwise indicated. Between-sex differences tested using independent-
samples t-tests or Mann—Whitney U as appropriate, with effect sizes (Hedges g or Cliff’s §) reported. Holm—
Bonferroni adjusted p-values were applied to control for multiple testing. Only strength and anthropometric

variables remained statistically significant after correction; no other differences survived.

Mann—Whitney U tests revealed several sex-related differences. However, given the
small sample, we emphasize the effect sizes (Hedges g) and their confidence intervals as

the most informative outcomes. Large effect sizes were observed for body mass, height,
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lean mass, muscle mass, and estimated strength values, while aerobic and
neuromuscular variables showed smaller or overlapping effects. These results should
therefore be interpreted in terms of magnitude and direction rather than statistical
significance alone. Compared with females, males displayed significantly greater body
mass (U = 55.0; p = 0.0006; Hedges g = 2.13 [95% CI: 0.86, 3.40]), height (U = 53.5; p
= 0.0022; g = 1.72[0.53, 2.91]), lean mass (U = 56.0; p = 0.0003; g = 2.07 [0.82, 3.33])
and muscle mass (U = 56.0; p = 0.0003; g = 2.02 [0.79, 3.26]). Absolute strength values
were also higher in males, with greater estimated 1RM in the back squat (U = 54.0; p =
0.0012; g = 1.80 [0.64, 2.97]), deadlift (U = 52.0; p = 0.0037; g = 1.65 [0.51, 2.78]) and
bench press (U = 56.0; p = 0.0003; g = 1.95 [0.76, 3.14]). In addition, males
demonstrated moderately higher squat-jump height and VO2max, though effect sizes
were smaller and confidence intervals overlapped zero. Training experience (years of
CrossFit practice) was entered as a covariate in subsequent analyses and was not used to

form subgroups.

Association Between Key Variables and WOD Performance

In Table 2, males presented significantly higher values than females in several key
variables. Body mass was 79.0 + 8.8 kg in males versus 62.3 + 5.3 kg in females (U =
55.0; p = 0.006), and height was 179 + 9 cm versus 166 + 5 cm (U = 53.5; p = 0.010).
Lean mass and muscle mass were also greater in males (65.0 + 8.1 kg and 33.9 + 4.5 kg,
respectively) than in females (48.0 + 4.2 kg and 22.6 + 2.8 kg; U = 56.0; p = 0.005 for
both). Maximal strength showed similar sex effects: estimated 1RM back squat 124 + 28
kg vs. 84 + 13 kg (U = 54.0; p = 0.009), deadlift 151 + 28 kg vs. 92 + 15 kg (U =52.0; p =
0.015), and bench press 83 + 16 kg vs. 43 + 7 kg (U = 56.0; p = 0.005). Cardiorespiratory
variables also differed, with VOomax 55.1 £ 5.8 vs. 43.2 £ 6.7 mL-kg*min—* (U = 55.0; p =
0.006), mean VO2 42.3 + 6.2 vs. 31.5 + 5.3 mL-kg—1-min-1 (U = 53.0; p = 0.010), and
maximal minute ventilation (VEmax) 157 + 28 vs. 107 + 18 L'min~* (U = 56.0; p = 0.005).
All differences remained significant after Holm correction. No other anthropometric or
physiological variables differed significantly, and inclusion of years of CrossFit practice

as a covariate did not materially change these findings.
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Table 2. Between-sex differences in key anthropometric, strength, and cardiorespiratory variables in
trained CrossFit athletes (n = 15). Values are presented as mean + standard deviation. Group comparisons
were performed using the Mann—Whitney U test, with p-values adjusted for multiple testing using the Holm
procedure. Only variables showing significant differences or high physiological/biomechanical relevance are
reported. VOzmax: maximal oxygen uptake; VEmax: maximal minute ventilation.

Males (n=8) Female (n=7)

Variables Mann—Whitney U  p (Holm adj.)
Mean + SD Mean + SD

Body mass (kg) 79.0 £ 9 62.3+5 55.0 0.006
Height (cm) 179+ 9 166 £ 5 53.5 0.010
Lean mass (kg) 65.0 + 8 48.0 + 4 56.0 0.005
Muscle mass (kg) 33.90%+5 22.6 +3 56.0 0.005
Estimated 1RM Back Squat (kg) 124 + 28 84 +13 54.0 0.009
Estimated 1RM Deadlift (kg) 151 + 28 92 + 15 52.0 0.015
Estimated 1RM Bench Press (kg) 83 +16 437 56.0 0.005
VO2omax (mL-kg-2-min-1) 55.1+ 6 43.2+7 55.0 0.006
Mean VO: (mL-kg-*-min-1) 42.3+6 31.5+5 53.0 0.010
Max Ventilation VEmax (L-min-?) 157 + 28 107 + 18 56.0 0.005

Note: Only variables showing significant differences or high physiological/biomechanical relevance are
presented. No other measured variables differed significantly between sexes.

Table 3 shows that WOD completion time was inversely associated with maximal
strength variables. Estimated 1RM back squat correlated at r = —0.57 (p = 0.026),
deadlift at »r = —0.55 (p = 0.033), and bench press at r = —0.61 (p = 0.016). Similar
relationships were obtained with Spearman coefficients (p = —0.54 to —0.65). Fat mass
and age displayed weaker, non-significant correlations (r = —0.24 to 0.28; p > 0.30).
Partial correlations adjusted for years of CrossFit practice remained negative for the
main strength variables (r = —0.30 to —0.40) but did not reach significance. After
applying Holm and false discovery rate (FDR) corrections for multiple testing, no

correlation remained statistically significant.
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Table 3. Bivariate and partial correlations between Fran workout completion time and key anthropometric,
strength, and body-composition variables in trained CrossFit athletes (n = 15). Values are Pearson’s
correlation coefficient () and Spearman’s rank correlation coefficient (p) with corresponding p-values;
partial r represents Pearson correlations adjusted for years of CrossFit practice. Holm and false discovery
rate (FDR) procedures were applied to adjust for multiple comparisons. Negative coefficients indicate that

higher values of the predictor variable are associated with faster completion times (better performance).

Partial r adj.
. Pearsonr Spearman p . .
Variable Years of CF  p Holm adj p FDR adj
®») ®)
)
Age -0.24(0.394) -0.19 (0.502) 0.26 (0.342) 0.394 0.394
Fat Mass (%) 0.28 (0.315) 0.23 (0.403) 0.21 (0.462) 0.946 0.349
Estimated
1RM Back -0.57(0.026) -0.54(0.039) -0.39(0.155) 0.318 0.111
Squat (kg)
Estimated
1RM Deadlift -0.55(0.033) -0.56(0.028) -0.30(0.284) 0.359 0.111
(kg)
Estimated
1RM Bench -0.61(0.016) -0.65(0.009) —0.40 (0.137) 0.225 0.111
Press

Note: Pearson, Spearman, and partial correlations between Fran completion time and selected variables.
Reported values are correlation coefficients with corresponding p-values in parentheses. Holm and FDR
adjusted p-values account for multiple testing. Although some raw p-values were < 0.05, no relationships

remained statistically significant after correction.

Following the correlation analysis summarized in Table 3, maximal strength variables
showed moderate inverse relationships with WOD completion time (Pearson r ranging
from —0.55 to —0.61; Spearman p = —0.54 to —0.65). Fat mass and age displayed weak
and non-meaningful relationships (r = —0.24 to 0.28), and all other variables were trivial
in magnitude. Partial correlations adjusted for years of CrossFit experience remained
negative for the main strength measures (r = —-0.30 to —0.40), though of smaller
magnitude. Partial correlations adjusted for years of CrossFit experience remained
negative for the main strength measures (r = —-0.30 to —0.40), though smaller in
magnitude. However, these analyses were clearly underpowered given the small sample
size and therefore should be regarded as descriptive and exploratory only. These
relationships were moderate in effect size but did not remain statistically significant after
correction for multiple testing (Holm or FDR). Accordingly, the results should be
interpreted in terms of the magnitude and direction of associations rather than statistical

significance alone, reinforcing their exploratory and hypothesis-generating nature.

49



Chapter 3. Experimental Studies

Figure 2 provides a visual representation of these relationships, highlighting stronger
negative relationships between WOD completion time and maximal strength variables
for Spearman correlation test. However, it is important to note that this should be

analyzed with caution due to the loss of significance in Holm and FDR corrections.
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Figure 2. Pearson correlation heatmap among anthropometric, strength, aerobic, experience, and
performance variables (n = 15). Stronger negative values (blue) indicate faster Fran completion times,
whereas positive values (red) reflect slower performance. Only the lower triangle is shown for clarity.

Although several raw correlations with WOD time appeared moderate in magnitude, none remained

statistically significant after Holm—Bonferroni or FDR correction for multiple testing.

Discussion

This study aimed to explore physiological and biomechanical correlates of performance
in the benchmark CrossFit workout Fran, with attention to potential sex- and experience-
related effects. We hypothesized that (i) male athletes would display superior strength,
jump performance, and aerobic capacity, (ii) more experienced athletes would complete
the WOD faster, and (iii) these physiological characteristics would correlate with
performance in a subgroup-specific manner. The findings partly supported these
hypotheses; however, it is important to note that all analyses must be interpreted as
exploratory and hypothesis-generating due to the small sample size and the loss of

statistical significance after correction for multiple testing.
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Consistent with established literature on neuromuscular and morphological dimorphism
(Hunter et al., 2023; Senefeld et al., 2024; Zhang et al., 2025; HodZi¢ et al., 2023), males
demonstrated significantly higher body mass (79.0 + 8.8 kg vs. 62.3 + 5.3 kg), stature
(179 £ 9 cm vs. 166 + 5 cm), lean mass (65.0 + 8.1 kg vs. 48.0 + 4.2 kg), and muscle mass
(33.9 + 4.5 kg vs. 22.6 + 2.8 kg) compared with females. They also outperformed females
in estimated one-repetition maximum (1RM) for the back squat, deadlift, and bench
press (all p < 0.01 after Holm correction), and in cardiorespiratory variables such as
VO2max (55.1 £ 5.8 vs. 43.2 + 6.7 mL-kg-*-min) and maximal minute ventilation (VEmax:
157 + 28 vs. 107 + 18 L-min~?). These sex-specific differences align with previous work in
fitness and strength sports (Dominski et al., 2020; Butcher et al., 2015). Nevertheless,
the small subgroups (n = 8 and n = 7) yield wide confidence intervals and prevent

confirmatory inference.

Athletes with >4 years of CrossFit practice completed Fran faster than those with less
experience, supporting the relevance of accumulated training history, technical
proficiency, and pacing strategies described in earlier reports (Claudino et al., 2018;
Sauvé et al., 2024). However, once year of CrossFit experience was treated as a covariate
instead of a grouping factor, no additional physiological predictors emerged. This finding
reinforces the idea that practice-related adaptations, skill acquisition, movement
economy, and tactical execution may mediate performance more than isolated

physiological traits (Mangine et al., 2020; Tibana et al., 2021).

Correlation analyses across the total sample revealed moderate negative relationships
between WOD completion time and maximal strength variables — estimated 1RM back
squat (r = —0.57, p = 0.026), deadlift (r = —0.55, p = 0.033), and bench press (r = —0.61,
p = 0.016)—with similar Spearman coefficients (p = —0.54 to —0.65). These relationships
are in line with previous findings identifying maximal strength as a primary determinant
of fitness performance (Meier et al., 2023; Qiu et al., 2016; Langford et al., 2023; Cohen,
1988). Fat mass and age showed only weak, non-significant correlations. Crucially, none
of these associations survived Holm or FDR correction, reinforcing their preliminary and
descriptive character. Partial correlations controlling training experience were smaller
in magnitude and underpowered and therefore should be interpreted as exploratory

only.

Within these constraints, the present findings generate hypotheses for programming.

They tentatively suggest that maximal strength in fundamental lifts (back squat, deadlift,
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bench press) may contribute meaningfully to benchmark WOD performance, whereas
traditional cardiorespiratory markers such as VO.ma.x may play a lesser role in this specific
workout. However, the current evidence is inconclusive, and no practical prescriptions
can be drawn from these results. Instead, these exploratory observations highlight the
need for replication in larger, adequately powered studies that incorporate multiple
benchmark workouts, competition-level contexts, and broader assessments, including

psychological, technical, and tactical determinants of performance.

Limitations

Several limitations must be underscored. First, the sample size was very small (n = 15; 8
males and 7 females). This severely restricts statistical power, increases the risk of
spurious or inflated correlations, and explains why none of the initially significant
relationships survived multiple-comparison correction. As a result, the present findings
must be interpreted strictly as preliminary, hypothesis-generating evidence rather than

confirmatory outcomes (O’Neal et al., 2016; Cohen, 1988; Lakens, 2013).

In addition, the partial correlation analyses that controlled training experience were not
adequately powered, given the small sample size. Although they provided useful
exploratory insights, these results should be interpreted with extreme caution and
cannot be generalized. Larger samples are required to properly evaluate the independent
contribution of training experience to performance outcomes. Multiple comparisons
further heighten the risk of Type I error, and even with effect-size reporting, our findings
remain preliminary. The analysis was restricted to a single WOD (Fran), limiting
generalizability to other CrossFit workouts with different physiological demands (Toledo

et al., 2021; Cruz-Diaz et al., 2020).

Another limitation is the ecological scope of the design. While Fran is a widely recognized
CrossFit benchmark, it represents only a single workout format. As such, the present
findings may not generalize to other CrossFit workouts with different physiological or
technical demands, nor to formal competition contexts where pacing strategies, judging
standards, and psychological stressors also influence performance. Additionally,
although both Rx and scaled versions of Fran were accepted to preserve ecological
validity and inclusivity, this introduces heterogeneity that may confound direct

comparisons.
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Psychological, technical, and cognitive determinants of performance-known
contributors to success in CrossFit, were not assessed (Meyer et al., 2017; Lakens, 2013).
Finally, although VO.max was determined using established criteria (volitional exhaustion
with VO, plateau, RER > 1.10, or HR > 90% of predicted maximum), not all participants
may have fulfilled every criterion simultaneously, so these values are best interpreted as

reflecting near-maximal aerobic capacity.

In summary, this study suggested that maximal strength in fundamental lifts could
possibly explain the performance in the CrossFit Fran workout, whereas conventional
aerobic measures appear less influential. However, these findings are inconclusive and
should only be viewed as exploratory, requiring replication in larger, longitudinal cohorts
that incorporate multiple WODs, formal competition-level classification, and broader

assessments of physiological and technical determinants of performance.

Practical Applications

Despite these limitations, preliminary trends suggest that maximal strength in
fundamental lifts (back squat, deadlift, bench press) may contribute more to Fran
performance than conventional aerobic markers. For practitioners, this implies that
monitoring and developing strength qualities remains relevant for performance in short,
high-intensity CrossFit benchmarks. In practical terms, coaches may consider
systematically tracking athletes’ strength alongside conditioning variables to better
understand their readiness and performance potential. However, these insights must be
interpreted with caution and should not yet be used to prescribe training strategies; they
remain exploratory hypotheses that require confirmation in larger, adequately powered

studies incorporating multiple workouts and broader performance determinants.

Conclusions

This study provided exploratory, hypothesis-generating results suggesting that males
displayed higher values in anthropometric, biomechanical, and physiological parameters
compared with females. Maximal strength variables, particularly the back squat, deadlift,
and bench press, showed moderate negative relationships with performance in the
benchmark CrossFit workout Fran, whereas conventional aerobic markers (e.g.,
VO2mazx, ventilatory indices) appeared less influential in this specific task. However,
given the very small sample (n = 15) and the fact that none of these relationships

remained statistically significant after correction for multiple testing, the findings should
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be regarded as preliminary and inconclusive. Future research with larger and adequately
powered cohorts, multiple benchmark workouts, and broader assessment of
psychological and technical determinants is required to confirm or refute these

exploratory observations.
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Study 3. Exploratory Analysis of Physiological and
Biomechanical Determinants of CrossFit Benchmark
Workout Performance: The Role of Sex and Training

Experience

Abstract

CrossFit performance is influenced by physiological, neuromuscular, and perceptual
factors, yet the extent to which these determinants vary by sex or training experience in
standardized CrossFit Workouts of the Day (WODs) remains unclear. This study
examined whether variables such as lactate accumulation, oxygen uptake dynamics,
jump performance loss, and ventilatory responses relate differently to performance when
stratified by sex and expertise. Fifteen trained athletes (eight males, seven females;
overall mean age 27.7 + 4.6 years) took part. Assessments included body composition,
squat (SJ) and countermovement jumps (CMJ), and maximal oxygen consumption
[VO2max]. On a separate day, they performed Fran (21-15-9 thrusters and pull-ups, Rx or
scaled). The prescribed (‘Rx’) version used standardized barbell loads (43 kg for men, 29
kg for women), while the scaled version involved reduced loads or pull-up modifications.
Respiratory gas exchange and heart rate were continuously monitored, while blood
lactate and jump performance were measured pre- and post-WOD. Workout completion
time [s] was the primary outcome. Correlation heatmaps explored associations in the
overall sample and by sex and expertise. Mean completion time was 422.1 + 173.2 s
(range: 200—840). Faster performance correlated with higher ventilatory responses
[AVe, r = —0.60, p = 0.018], greater mean VO, (r = —0.62, p = 0.014), superior jump
power [CMJ pre, r = —0.65, p = 0.009], and higher post-WOD lactate [r = -0.54, p =
0.036]. Sex-stratified analyses showed that males relied on ventilatory efficiency and
neuromuscular power, whereas females were more constrained by performance loss and
higher resting perceived exertion (RPE). Experts depended on ventilatory and
neuromuscular efficiency, while beginners showed stronger associations with
decrements in jump performance and higher RPE. These findings highlight subgroup-
specific performance profiles and reinforce the need for tailored training strategies in

CrossFit athletes.

Keywords: CrossFit, WOD, physiology, biomechanics, performance, experience, sex
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Introduction

CrossFit is a form of high-intensity training that combines gymnastics, Olympic
weightlifting, and metabolic conditioning into varied, time- or task-based workouts
known as “Workouts of the Day” (WODs) (Mangine et al., 2020; Jacob et al., 2020). The
multimodal integration of strength, aerobic, and technical demands creates unique
challenges for performance prediction, since athletes must simultaneously sustain
muscular power, aerobic efficiency, and skill execution under fatigue (Dexheimer et al.,
2019; Camacho-Cardenosa et al., 2020; DeBlauw et al., 2021). In recent years, there has
been increasing interest in using physiological markers such as blood lactate
concentration, maximal oxygen uptake (VO.max, an indicator of aerobic capacity), heart
rate (HR), and heart rate variability (HRV, a measure of autonomic regulation) alongside
biomechanical indicators such as countermovement jump (CMJ) height and peak power
to monitor training adaptations and fatigue responses in CrossFit athletes (Forte et al.,
2022; Toledo et al., 2021). Recent research has increasingly examined both physiological
and biomechanical variables in standardized CrossFit WODs. Acute studies have shown
that benchmark workouts such as Fran and Cindy elicit substantial cardiovascular and
metabolic stress, with heart rate exceeding 90% of maximum, lactate levels above 10
mmol-L-!, and ratings of perceived exertion (RPE) greater than 8 (Fernandez et al.,
2015). Notably, Cindy produced higher oxygen uptake, relative VO.max, and energy
expenditure compared with Fran. Beyond acute responses, predictors of performance
have also been investigated. Leitao et al. (2021) demonstrated that neuromuscular
parameters, including maximal thruster and pull-up strength and 2 km rowing
performance, were stronger determinants of Fran performance than physiological
markers such as lactate or heart rate. These findings are consistent with systematic
reviews reporting that CrossFit workouts induce acute alterations in hormonal,
metabolic, and inflammatory markers (e.g., testosterone, cortisol, glycemia, cytokines,
creatine kinase) (Zeitz et al., 2020). At the same time, longitudinal interventions indicate
chronic adaptations such as increased testosterone, reduced cortisol, and altered CD8
lymphocyte levels (Sanfilippo et al., 2019). Importantly, sex-based differences have also
emerged. Rios et al. (2025) demonstrated that, although both men and women
experienced substantial increases in oxygen uptake, heart rate, blood lactate, and glucose
during Fran, men completed the workout faster and achieved higher peak VO. and HR
values. Together, this evidence highlights that CrossFit performance is influenced by a
complex interaction of physiological and biomechanical determinants, and that sex

differences should be carefully considered when interpreting these responses.
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Although physiological and biomechanical metrics provide valuable insight into training
load and recovery (Zeitz et al., 2020; Rios et al., 2024; Senefeld et al., 2024; Archacki et
al., 2024; Tucker et al., 2019; Qiu et al., 2016; Woo et al., 2006; Weiss et al., 2006), many
studies have not accounted for individual-level moderators such as biological sex or
training experience (Rodrigues et al., 2023). Sex-based differences in body composition
(Schlegel et al., 2022; Micklewright et al., 2010), oxygen kinetics (Weiss et al., 2006;
Myer et al., 2006), hormonal responses (Sanfilippo et al., 2019; Ferraz et al., 2025;
Lambrick et al., 2013), and ventilatory thresholds (Menting et al., 2022; Fiorenza et al.,
2019; Bellar et al., 2015; Meier et al., 2023) are known to influence performance, with
recent evidence showing that men generally complete benchmark workouts faster and
exhibit higher peak cardiorespiratory responses than women (Rios et al., 2025; Claudino
et al., 2018; Mangine et al., 2022; Aravena-Sagardia et al., 2025; Schisterman et al.,
2009). Training experience also affects biomechanical efficiency (Szklo et al., 2014;
Howards et al., 2018; Lindmark et al., 2018), pacing strategies (Becher et al., 1992; Zhao
et al., 2020), and metabolic efficiency (Forte et al., 2025; Higgins et al., 2018), all of
which may moderate fatigue and performance outcomes (Weiss et al., 2006; Bagchi et
al., 2024). Failing to consider these moderators risks biased or incomplete
interpretations of performance data (Senefeld et al., 2024; Weiss et al., 2006; Sands et
al., 2020), thereby limiting the external validity of monitoring strategies across athlete
subgroups (Woo et al., 2006; Panoutsakopoulos et al., 2021; Edwards et al., 2023),
especially in the context of CrossFit. To date, only a limited number of studies have
compared athletes’ performance based on training experience in CrossFit (Langford et
al., 2023; Breitbach 2014; Coco et al., 2021). Although research incorporating sex- and
experience-based analyses remains scarce, recent work has begun to explore pacing
strategies [37—39] and sex-specific physiological responses (Rios et al., 2025; Claudino
et al., 2018; Mangine et al., 2022; Aravena-Sagardia et al., 2025; Schisterman et al.,
2009). Nonetheless, these moderators are still often overlooked and may act as
confounding factors (Piero et al.,, 2018; Hunter et al., 2023) and lead to biased or
misleading interpretations of performance outcomes (Sandbakk et al., 2022). Given the
multifactorial and individualized nature of athletic performance (Bellar et al., 2015;
Meier et al., 2023), both sex and training experience may act as important sources of
variability in the associations between physiological or biomechanical markers and WOD
performance. Accounting for these moderators helps determine whether observed
relationships are robust across subgroups or potentially biased (Piero et al., 2018;

Hunter et al., 2023; Sandbakk et al., 2022).
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In light of the aforementioned, the purpose of this study was to explore whether
associations between physiological and biomechanical responses and performance differ
when stratified by sex and training expertise. Specifically, we examined whether
variables such as lactate accumulation, oxygen uptake dynamics, jump performance loss,
and ventilatory responses (VE) were differentially associated with WOD completion time
when stratified by sex or experience level. Given the exploratory nature of this study and
the small sample size, we anticipated that sex might show stronger subgroup-specific
differences in cardiovascular and ventilatory markers, whereas training expertise might

play a smaller but still relevant role, particularly in relation to aerobic efficiency.

Materials and methods

Procedures

Fifteen trained CrossFit practitioners volunteered to participate in this study, comprising
eight males (27.9 + 5.8 years; 75.2 + 5.0 kg; 176.5 + 5.7 cm) and seven females (27.4 +
3.1 years; 61.0 + 4.5 kg; 165.0 £ 3.4 cm). All participants were actively engaged in
CrossFit training at the time of data collection, with at least one year of continuous
practice and a minimum training frequency of three sessions per week. For descriptive
purposes, participants were further classified according to training experience. Athletes
with >4 years of consistent CrossFit practice were considered experts, following criteria
established in previous research (Panoutsakopoulos et al., 2021), resulting in seven
experts and eight initiates. This categorization was not intended for formal between-
group comparisons but served to illustrate the range of training backgrounds
represented in the sample. All participants were informed of the study procedures and
provided written informed consent. The study protocol was approved by the institutional
ethics committee (process number: CE-UBI-Pj-2024-090-1D2772) and conformed to the

principles of the Declaration of Helsinki.

Participants were required to meet the following inclusion criteria: (i) a minimum of one
year of CrossFit training experience, (ii) participation in structured CrossFit training at
least three times per week, and (iii) absence of musculoskeletal injuries in the six months
prior to testing. Athletes were eligible if they were able to perform the benchmark Fran
workout in either its prescribed (‘Rx’) or scaled form, according to their training capacity.
Exclusion criteria included: (i) any known cardiovascular, respiratory, or metabolic
disease, (ii) recent use of performance-enhancing substances, and (iii) inability to

complete Fran under standardized conditions, regardless of version (Rx or scaled).

58



Chapter 3. Experimental Studies

The final sample size (n = 15) was determined by the feasibility of recruiting trained
athletes who met the inclusion criteria and were willing to undergo repeated
physiological and biomechanical assessments in standardized CrossFit testing. This
number is consistent with previous exploratory studies in CrossFit performance
(Fernandez et al., 2015; Leitdo et al., 2021; Rios et al., 2025; Claudino et al., 2018), which
have reported samples ranging from 10 to 20 participants. Given the exploratory and
hypothesis-generating aim of the present work, subgroup analyses (sex and training
experience) were conducted with caution, acknowledging the limited statistical power

and higher risk of Type II errors.

Baseline Anthropometry and Resting Heart Rate

Baseline anthropometric and physiological measurements were obtained at the start of
the testing session. Stature (cm) was measured with a portable stadiometer (Seca GmbH
& Co. KG, Hamburg, Germany), and body mass (kg), fat mass (%), lean mass (kg), and
muscle mass (kg) were assessed using a digital bioelectrical impedance scale (Tanita MC-
780, Tokyo, Japan). Bioelectrical impedance provides practical and non-invasive
estimations of body composition, although its accuracy can be affected by factors such as
hydration status. Nonetheless, it has been widely applied in sport science contexts,
including studies with CrossFit athletes (Hung et al., 2025). All measurements were
performed barefoot and in light clothing, following manufacturer guidelines. Resting
heart rate (HR, bpm) was recorded using a chest strap monitor (Polar S610, Kempele,
Finland) after five minutes of quiet seated rest in a controlled environment to ensure
physiological stabilization. HRV was recorded continuously during the workout using a
chest strap monitor (Polar S610, Kempele, Finland), synchronized with the respiratory
gas exchange system to ensure temporal alignment of physiological signals. Resting HRV
was also assessed at baseline following five minutes of seated rest in a controlled
environment, a method previously validated for reliability in applied sport science
settings (Forte et al., 2022; Toledo et al., 2021; Cormie et al., 2011). Furthermore, the use
of HRV as a non-invasive marker of training load and recovery has been supported in

prior high-intensity training studies(DeBlauw et al., 2021).

Squat Jump (SJ) and Countermovement Jump (CMJ)

Neuromuscular performance was evaluated using a portable force platform (42 x 59 cm,

Chronojump Boscosystem, Barcelona, Spain) with specific software (Chronojump
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v2.5.2-63 2025 Sept, Boscosystem, Barcelona, Spain). Before testing, participants
completed a standardized warm-up consisting of 5 min of light cycling or jogging
followed by dynamic mobility drills (hip, knee, and ankle) and two submaximal practice
jumps for familiarization (Camacho-Cardenosa et al., 2020). This instrument validity

was previously reported in the literature (Dominski et al., 2021; McLaren et al., 2016).

For the squat jump (SJ), participants began from a stationary semi-squat position with
knees flexed to ~90°, maintaining hands on the hips throughout (Figure 1, left picture).
From this static position, they performed a maximal vertical jump without
countermovement, extending their legs explosively in a single action. For the
countermovement jump (CMJ, Figure 1 right picture), participants started from an
upright standing position with hands fixed on the hips, executed a rapid downward
countermovement, and immediately performed a maximal vertical jump. In both
protocols, arm swing was eliminated by keeping the hands on the hips, and landing was
standardized on the toes to ensure consistency (Kaufman et al., 2023). Jump height (cm)
was calculated from flight time using Chronojump’s integrated software (sampling
frequency: 1000 Hz). Each participant performed three attempts of both SJ and CMJ,
interspersed with 50—-60 s of passive recovery. The best performance was defined as the
attempt with the highest jump height, and both jump height (cm) and peak power
(W-kg) from this trial were retained for analysis, as suggested in the literature (Schlegel
et al., 2022; Pueo et al., 2020). Both tests were performed before and immediately after

the WOD to quantify fatigue-induced changes in neuromuscular function.

Figure 1. Standardized execution of squat jump (left) and countermovement jump (right) tests.
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Workout of the Day (WOD), Respiratory Gas Exchange and Heart

Rate Evaluation

The benchmark CrossFit workout Fran was selected as the performance test due to its
established use in high-intensity training (HIF) research and its ability to integrate
strength and metabolic conditioning in a simple yet demanding format (Weiss et al.,
2006). Fran consists of descending sets of 21, 15, and 9 repetitions of thrusters and
kipping pull-ups, performed for time (Cesanelli et al., 2022). The prescribed (Rx) version
uses a barbell load of 43 kg for males and 29 kg for females (Feito et al., 2018)
.Participants unable to perform the workout as prescribed completed a scaled version
with adjusted loads or pull-up modifications (e.g., band-assisted or jumping pull-ups) to
ensure inclusivity while maintaining relative intensity (Myer et al., 2006). Emphasis was
placed on standardized execution (e.g., full squat depth and elbow lockout in thrusters)
to guarantee safety and reliability of the performance outcome (Blair et al., 2007). WOD

completion time (s) were recorded as the primary measure of performance.

In addition to its popularity as a benchmark, Fran is characterized as a short-duration,
high-intensity workout (typically completed within 3—7 min) that elicits substantial
metabolic and cardiorespiratory stress, including elevated lactate, glucose, heart rate,
and oxygen uptake (Rios et al., 2024; Feito et al., 2018). These responses make it a
suitable model for assessing both metabolic and mechanical determinants of

performance in CrossFit athletes.

A schematic overview of the experimental protocol is presented in Figure 2, highlighting
the sequence of assessments performed pre-WOD (anthropometrics, body composition,
blood lactate, squat and countermovement jumps, resting HR), during the WOD
(respiratory gas exchange, heart rate), and post-WOD (RPE, blood lactate,

neuromuscular assessments, HR).

Before the workout, participants completed a standardized warm-up designed to ensure
adequate readiness for high-intensity exercise while minimizing the risk of premature
fatigue. The warm-up consisted of 5 min of light-to-moderate intensity cycling on a
stationary ergometer (=50—60% of HRmax), followed by dynamic mobility drills targeting
the shoulders, hips, and ankles. Participants then performed progressive sets of thrusters
and pull-ups (2 sets of 10 repetitions with light loads and assistance, followed by 1 set of

5 repetitions at workout-specific load or scaled variation).
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Following the warm-up, all participants observed a fixed 3 min passive rest interval
before beginning the WOD. During this period, athletes remained seated or standing
quietly while the respiratory gas exchange mask and heart rate monitor were checked
and secured. This procedure standardized the transition across participants, ensuring
comparable physiological readiness prior to exercise initiation (Cruz-Diaz et al., 2020;

D’Hulst et al., 2024).

During the WOD, respiratory gas exchange was measured breath-by-breath using a
portable gas analyzer (VO. Master Health Sensors Inc., Vernon, Canada) with
participants wearing a face mask throughout the workout. Heart rate (HR) was
continuously monitored via a chest strap device (Polar S610, Kempele, Finland). The gas
analyzer was calibrated for both volume and gas concentrations immediately before each
session in accordance with manufacturer guidelines to ensure accurate and reliable data.
Both the VO2 Master system and the chest strap device have been validated in previous
research (Cruz-Diaz et al., 2020; D’Hulst et al., 2024), demonstrating strong agreement

with laboratory-based systems and supporting their use in applied sport science settings.

All workout executions were continuously monitored by the same experienced
researcher (certified CrossFit Level 1 Coach) to ensure adherence to standardized
movement criteria (e.g., full squat depth in thrusters, elbow lockout during pull-ups).
Any repetitions that failed to meet the prescribed standards were immediately corrected
in real time, with athletes required to repeat the movement until valid. This procedure
ensured consistency across participants and reliability of the recorded performance

outcomes. No video recordings were used for post-analysis.
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Figure 2. Schematic representation of the experimental protocol. Assessments were conducted pre-WOD
(anthropometrics, body composition, blood lactate concentration, squat and countermovement jump
performance, resting heart rate), during the benchmark CrossFit workout Fran (respiratory gas exchange,
heart rate), and post-WOD (rating of perceived exertion, blood lactate concentration, squat and

countermovement jump performance, heart rate).

Blood Lactate

Capillary blood lactate concentration (mmol-L-') was measured immediately before and
after the WOD to evaluate metabolic response. For the pre-exercise measure, a sample
(~5 pL) was collected from the earlobe following a period of seated rest to ensure a stable
baseline (Diaz et al., 2019). The post-exercise sample was obtained within one minute of
WOD completion to capture peak accumulation. All samples were analyzed using a
portable lactate analyzer (Lactate Pro 2, Arkray Inc., Kyoto, Japan), which was calibrated
before each testing session according to manufacturer guidelines (Fernandez et al.,
2015). The earlobe was disinfected before each puncture, and sterile, single-use lancets
were employed to maintain hygienic standards (Fernandez et al., 2015; Edouard et al.,
2017). All assessments were performed according to standardized protocols (Fernandez
et al., 2015), with equipment calibrated before testing and procedures delivered by the
same experienced assessors to ensure reliability and reproducibility (Edouard et al.,

2017).
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Statistical Analysis

Data were first screened for normality using the Shapiro—Wilk test. Continuous variables
are presented as mean + standard deviation (SD), together with minimum and maximum
values. Comparisons between sex (male vs. female) and training expertise (expert vs.
initiate) were performed using the Mann—Whitney U test, given the small sample size
and the non-normal distribution of some variables. Effect sizes for these comparisons
were estimated using rank-biserial correlation coefficients to aid interpretation. Effect
sizes (Cohen’s d) were calculated for group differences and interpreted as small (d <
0.50), medium (d = 0.50—0.79), or large (d > 0.80) (Ferraz et al., 2025). The associations
between baseline physiological and neuromuscular predictors (e.g., VO2max, HRYV,
CMJ, SJ) and the primary outcome (WOD completion time) were examined using
Spearman’s rank correlation coefficients. Exploratory subgroup analyses (sex and
training experience) were conducted to examine whether associations varied across
subgroups. Given the small sample size and the hypothesis-generating nature of this
study, no corrections for multiple comparisons were applied. The results should
therefore be interpreted with caution, acknowledging the increased risk of Type I error.
Correlation strength was classified according to conventional thresholds: weak (p <
0.30), moderate (p = 0.30—0.49), and strong (p > 0.50) (Cohen, 1988). Correlation
matrices were generated for each analysis, and the results were visualized as heatmaps
to facilitate the interpretation of association patterns across variables. In-workout and
post-exercise responses (e.g., AHR, AVO2, AVe, ACMJ, ASJ, lactate, RPE) were
conceptualized as mediators and were not adjusted for in the primary analyses. To assess
potential effect modification, exploratory subgroup analyses were conducted by sex and
by expertise. The statistical significance was set at p < 0.05. All analyses were performed

in JASP (version 0.95.0.0; University of Amsterdam, The Netherlands)

Results

Descriptive Statistics

Fifteen trained CrossFit athletes (8 males and 7 females) participated in this study. Male
participants had a mean age of 27.9 + 5.8 years, body mass of 75.2 + 5.0 kg, and stature
of 176.5 £+ 5.7 cm, while female participants presented a mean age of 27.4 + 3.1 years,
body mass of 61.0 + 4.5 kg, and stature of 165.0 + 3.4 cm. Based on training background,
7 participants were classified as experts (>4 years of consistent CrossFit practice) and 8

as initiates (<4 years).
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Mean WOD completion time was 422.1 + 173.2 s, with performance ranging from 200 to
840 s, highlighting substantial inter-individual variability (Table 1). Neuromuscular
decrements were evident, with average reductions in squat jump (ASJ height: —2.77 +
3.28 cm; ASJ power: —43.3 + 52.8 W) and countermovement jump (ACMJ height: —4.09
+ 3.23 cm; ACMJ power: —69.2 + 61.9 W). The physiological responses reflected high
metabolic and cardiovascular stress, with large post-exercise increases in blood lactate
(ALactate: +12.3 + 1.6 mmol-L-?), oxygen uptake (AVO.: +26.9 + 5.5 mL-kg-*-min-?),
heart rate (AHR: +69.8 + 16.1 bpm), and ventilation (AVe: +91.9 + 21.6 L-min?).
Minimum HRYV during the WOD showed a marked decline (AHRV: +40.3 + 19.5 ms).

Table 1. Descriptive analysis for total sample WOD performance time and variations (A) of physiological

and neuromuscular responses.

“_IOD ASJ ASJ ALactate AVO: AHR AVe AHRV ACMJ ACMJ

(TS’;"  (m) W)  [mmolLl [mL/kg/min] (bpm) [L/min] [I W) (em)
Mean 422.1 -2.769 -43.28 12.26 26.88 69.80 91.92 40.27 -69.22  —4.093
SD 173.2 3.278 52.83 1.563 5.501 16.07 21.59 19.51 61.85 3.232
Min 200.0 -9.920 -165.6 8.900 16.70 45.00 57.50 8.000 -206.1 -9.545
Max 840.0 2.879 35.90 14.39 38.30 90.00 129.1 66.00 20.80 1.643

WOD: workout of the day; SJ: squat jump; CMJ: countermovement jump; HR: heart rate; VO- : oxygen

consumption; VE: ventilatory response; HRV: heart rate variability.

Comparisons Between Sex and Experience

Males exhibited significantly greater lean mass (65.7 + 5.0 kg) compared to females (49.6
+ 4.5 kg; p = 0.0016, d = 2.20, large effect). Similarly, muscle mass was substantially
higher in males (33.9 + 3.0 kg) than in females (22.1 + 2.0 kg; p < 0.001, d = 4.89, very
large effect). No significant sex differences were observed for fatigue-induced reductions
in countermovement jump height (ACMJ: —4.0 + 3.2 cm vs. —4.2 £ 2.9 ¢cm; p = 0.92, d
= 0.05, small effect) or squat jump height (ASJ: —-3.1 £ 2.4 cm vs. —2.4 + 2.8 cm; p =
0.72,d = —0.19, small effect). Both sexes demonstrated comparable lactate accumulation
following the WOD (ALactate: males 12.3 + 2.5 mmol-L, females 12.3 + 2.8 mmol-L;
p = 0.99, d = 0.00, trivial effect). The figure that highlights the means and differences

between sex are presented in Figure 3.
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Figure 3. Boxplots (median, interquartile range, minimum-maximum, and outliers) of lean mass (kg)
and ventilatory response (AVe, L-min) stratified by sex. Asterisks indicate significant differences (* p <

0.05; *** p < 0.001).

Experts tended to have higher lean mass (61.4 + 6.0 kg) compared to initiates (54.5 + 7.2
kg), though this difference was not statistically significant (p = 0.23, d = 0.64, medium
effect). Muscle mass did not differ meaningfully between groups (29.1 + 4.8 kg vs. 27.6
+ 4.5 kg; p = 0.65, d = 0.23, small effect). Fatigue-induced reductions in jump
performance showed moderate but non-significant differences, with experts
experiencing greater CMJ decrements (-5.2 £ 3.3 cm vs. —2.9 £ 2.6 cm; p = 0.18,d =
-0.75, medium effect). No clear difference was observed for SJ reductions (-3.1 + 2.9 ¢cm
Vs. —2.4 + 2.5 cm; p = 0.72, d = —0.21, small effect). Post-exercise lactate accumulation
was similar across expertise levels (12.8 + 2.2 mmol-L-*vs. 11.7 + 2.8 mmol-L-%; p = 0.22,
d = 0.71, medium effect). Experts completed the workout significantly faster than
initiates (309 + 89 s vs. 514 + 111 s; p < 0.01, d = 2.23, large effect). Pre-WOD CMJ power
was higher in experts than in initiates (987 + 208 W vs. 784 + 116 W), though this
difference did not reach statistical significance (p = 0.14, d = 0.93, large effect). The

figure that highlights the means and differences between expertise are presented in

Figure 4.

66




Chapter 3. Experimental Studies

=3 TS
14001

w
(=]
(=]

© 1300+

o
=]
=]

12001

-
(=4
[=]

1100+

=)

[=]

1=
el

1000+

un
=
o

900

Pre-WOD CM] power (W)

B
o
o

Workout completion time (s)

800

w
i=1
o

700}
200+

Expert Initiate Expert Initiate

Figure 4. Boxplots (median, interquartile range, minimum—-maximum, and outliers) of (A) workout
completion time (s) and (B) pre-WOD countermovement jump (CMJ) power (W), stratified by expertise

level. Asterisks indicate significant differences (** p < 0.01; ns = non-significant).

Associations with WOD Performance

In the overall sample, fewer variables showed significant correlations with WOD
completion time (Figure 5). Faster performance was associated with greater lean mass
(p = —0.46, p < 0.05% ) and larger ventilatory responses (AVe) (r = —0.65, p < 0.01 *¥).
Other physiological (VO., lactate), neuromuscular (CMJ and SJ decrements), and
perceptual (RPE) measures did not show significant associations with WOD

performance in the overall analysis.
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Figure 5. Spearman’s rank correlation coefficients (p) between physiological, biomechanical, and
perceptual variables and workout completion time (WOD Time, s) for the total sample (n = 15). Color scale
indicates direction and magnitude of correlations (blue = negative, red = positive). Numeric values
represent correlation coefficients. Variables include body composition (weight, lean mass, fat mass),
neuromuscular function (A squat jump [SJ] and countermovement jump [CMJ] height and power),
perceptual responses (RPE), and physiological markers (A lactate, A VO., A HR, A Ve, A HRV).

Given the heterogeneity in physiological and neuromuscular determinants observed at
the overall level, we next examined whether these associations differed by sex (Figure 6.
Among males, WOD completion time was primarily explained by ventilatory efficiency,
with a significant correlation for AVe (r = —0.76, p < 0.05 *). No other physiological,
neuromuscular, or perceptual variables were significantly related to performance in this
subgroup. By contrast, females exhibited a profile more closely tied to neuromuscular
fatigue and RPE. Faster performance was associated with smaller decrements in CMJ
power (r = 0.93, p < 0.01 **) and smaller decrements in CMJ height ( = 0.64, p < 0.05

*), while higher RPE values were linked to slower times (r = 0.81, p < 0.05 *).
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Figure 6. Spearman’s rank correlation coefficients (p) between physiological, biomechanical, and
perceptual variables and workout completion time (WOD Time, sec), stratified by sex (Male: n = 8, left
panel; Female: n = 7, right panel). Color scale indicates direction and magnitude of correlations (blue =

negative, red = positive). Numeric values represent correlation coefficients.

To further examine the impact of training background, we stratified the analyses by
training experience (Figure 7). Among experts, faster WOD completion was associated
with ventilatory efficiency and neuromuscular capacity, with significant correlations for
AVe (r = —0.74, p = 0.029) and pre-WOD CMJ power (r = 0.74, p = 0.029). No other
variables reached significance in this subgroup. In contrast, initiates displayed a
performance profile more constrained by body composition, fatigue, and perception.
Slower performance was significantly correlated with higher fat mass (r = 0.82, p =
0.023), greater decrements in CMJ height (r = 0.57, p = 0.048) and CMJ power (r =
0.93, p = 0.002), as well as higher RPE values (r = 0.59, p = 0.046).
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Figure 7. Spearman’s rank correlation coefficients (p) between physiological, biomechanical, and
perceptual variables and workout completion time (WOD Time, sec), stratified by training experience
(Expert: n = 7, left panel; Initiate: n = 8, right panel). Color scale indicates direction and magnitude of

correlations (blue = negative, red = positive). Numeric values represent correlation coefficients.
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Collectively, these analyses suggested that the WOD completion time is linked to
multiple physiological, neuromuscular, and perceptual markers. However, the strength
and nature of these associations varied across subgroups: ventilatory and neuromuscular

capacities.

Discussion

This study aimed to investigate the physiological and biomechanical factors that
influence performance in the CrossFit benchmark workout, Fran, and to explore whether
sex and training experience moderate these associations. The defined hypothesis was
partially verified because the influence of sex was clearly observed in both lean mass and
ventilatory response, with males showing significantly higher values. In contrast,
training expertise was associated with significantly faster WOD completion times, but no
significant differences were observed in CMJ power values before WOD. This indicates
that sex plays a stronger role in physiological determinants, especially ventilatory and
body composition parameters, whereas training experience appears more relevant for

performance-related outcomes, particularly workout pacing and completion time.

In the total sample, performance during Fran was primarily explained by body
composition and ventilatory responses. Faster athletes displayed greater lean mass,
which aligns with previous research identifying body composition as a determinant of
CrossFit and CrossFit Open performance (DeBlauw et al., 2021; Schlegel et al., 2022;
Martinez-Gomez et al., 2019). The importance of lean mass is likely related not only to
the mechanical advantages it provides in strength-based tasks but also to its contribution
to metabolic support during repeated high-intensity bouts (Schlegel et al., 2022).
Ventilatory responses (AVe) were also significantly associated with faster completion
times, corroborating findings from (Dexheimer et al., 2019; D’Hulst et al., 2024), who
reported that VO2max and submaximal oxygen kinetics predict competitive CrossFit
outcomes. These results emphasize the role of ventilatory dynamics, suggesting that
athletes who can sustain large ventilatory responses perform more efficiently under the

metabolic stress of Fran.

When examined by sex, distinct performance profiles emerged, reinforcing the biological
basis of sex differences in exercise physiology. Males presented significantly higher lean
mass and ventilatory responses (AVe) than females. In males, faster WOD completion
was explained primarily by ventilatory efficiency, consistent with prior evidence that

men exhibit higher absolute ventilatory capacity, which contributes to superior
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performance in high-intensity training (Edwards et al., 2023; Martinez-Gomez et al.,
2020). In females, WOD performance was more strongly associated with neuromuscular
fatigue markers and perceptual responses, including decrements in CMJ performance
and higher RPE values. These sex-specific differences may be partially explained by
underlying body composition. Greater lean mass in males enhances neuromuscular
efficiency and supports the preservation of power output under fatigue (Schlegel et al.,
2022; Martinez-Goémez et al., 2019). In contrast, lower lean mass in females may increase
the relative intensity of each repetition, amplifying fatigue-induced decrements in jump
performance and elevating RPE (Leitao et al., 2021). This finding is consistent with prior
evidence that female athletes often experience proportionally greater RPE during high-
intensity multimodal exercise, despite sometimes showing higher resistance to

peripheral fatigue in isolated tasks (D’Hulst et al., 2024; Koznic et al., 2021).

These sex-specific performance determinants are consistent with well-established
physiological differences. Males typically exhibit greater absolute ventilatory capacity
and oxygen kinetics, which enhance aerobic throughput during high-intensity exercise
(Weiss et al., 2006; Myer et al., 2006; Edwards et al., 2023; Martinez-Gomez et al.,
2019). Consequently, ventilatory efficiency emerges as a stronger determinant of
performance in men, enabling them to sustain greater aerobic flux during demanding
multimodal tasks. In contrast, females generally present lower lean mass and absolute
strength (Schlegel et al., 2022; Micklewright et al., 2010), which increase the relative
intensity of each repetition and accentuate neuromuscular fatigue and perceptual strain
during benchmark workouts (D’Hulst et al., 2024; Martinez-Gomez et al., 2020). These
physiological characteristics explain why ventilatory dynamics were more predictive of
WOD performance in males, whereas decrements in jump performance and RPE were

more influential in females.

Stratification by training experience revealed further differentiation in the determinants
of the WOD performance. In line with performance outcomes, experts also exhibited
higher pre-WOD CMJ power on average compared with initiates (+20%). However, this
difference did not reach statistical significance in our sample (p = 0.132). This trend
suggests that neuromuscular performance may be superior in more experienced athletes,
but larger samples are required to confirm this effect. These results are consistent with
prior studies showing that advanced CrossFit practitioners develop higher aerobic
capacity, refined pacing strategies, and superior neuromuscular outputs (Senefeld et al.,
2024; Marzano-Felisatti et al., 2024). More experienced athletes also tend to present

greater muscle mass and superior neuromuscular efficiency, which enhances their ability
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to sustain explosive power under fatigue (Marzano-Felisatti et al., 2024). On the other
hand, novices were more constrained by body composition, fatigue, and perception.
Slower performance was associated with higher fat mass, greater decrements in CMJ
height and power, and higher RPE values. This is in line with evidence that initiators
generally display higher fat mass and lower lean mass, which compromises the
mechanical efficiency and increases the relative effort required to complete high-
intensity tasks, thereby limiting performance (Tucker et al., 2019; Micklewright et al.,
2010; Bagchi et al., 2024). Importantly, this reliance on perceptual and fatigue-related
variables may reflect a lack of optimized pacing and technical efficiency, which typically

improve with continued training exposure (Panoutsakopoulos et al., 2021).

Taken together, these findings suggest that the determinants of CrossFit performance
are subgroup-specific. The results of the present study suggested that males and experts
benefit primarily from ventilatory, and neuromuscular efficiency, females and initiates
appear more constrained by neuromuscular fatigue, body composition, and perceptual
load. This reinforces the need for tailored training approaches (Maté-Mufioz et al.,
2025), focusing on fatigue management (Petrigna et al., 2019), body composition
optimization (Ponce-Garcia et al., 2024), and pacing strategies in beginners and female
athletes (Fernandez et al., 2015; Ponce-Garcia et al., 2025), while emphasizing
ventilatory conditioning (Rios et al., 2025) and neuromuscular power in advanced and
male athletes (Tibana et al., 2021). Upon that, it is possible to argue that the novelty and
strengths of this research arose from being the first study to examine performance in a
standardized CrossFit benchmark workout while jointly considering sex, training
experience, and the combined contribution of metabolic, ventilatory, and biomechanical

variables.

The present findings carry several implications for training prescription and athlete
monitoring in CrossFit and other high-intensity training settings: (i) Performance in
benchmark WODs such as Fran is underpinned by a multifactorial profile, with
contributions from ventilatory capacity, neuromuscular power, and fatigue resistance.
Consequently, coaches should adopt an integrative approach that develops both aerobic
efficiency and explosive strength, rather than prioritizing a single fitness domain
(Senefeld et al., 2024 Sands et al., 2020; Gonzalez-Badillo et al., 2011). (ii) Subgroup
analyses highlight the need for individualized training strategies. For male and expert
athletes, interventions that optimize ventilatory efficiency and sustain neuromuscular
power under fatigue may yield the greatest performance gains. This could be achieved

through structured aerobic conditioning, power-based resistance training, and specific
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pacing practice during mixed-modal sessions (Martinez-Gomez et al., 2020; Pryor et al.,
2020). Conversely, female and novice athletes may benefit more from strategies
targeting fatigue tolerance, body composition improvements, perceptual regulation, and
technical efficiency. These could include progressive exposure to benchmark WODs,
perceptual load management (e.g., RPE-based training), and refinement of movement
economy through skill-focused sessions (Tucket et al., 2019; Ponce-Garcia et al., 2025).
(iii) The associations between performance, perceptual responses, and neuromuscular
decrements emphasize the relevance of incorporating internal load monitoring into
practice. Simple, non-invasive measures such as RPE tracking and jump performance
assessments may provide valuable insights into fatigue status and readiness, supporting
safer and more effective programming (Panoutsakopoulos et al., 2021) Sauvé et al.,

2024).

Limitations

Several limitations should be acknowledged when interpreting these findings. First, the
relatively small sample size (n = 15), combined with subgroup analyses, limited statistical
power and generalizability, and increased the risk of both Type I and Type II errors.
Consequently, the results should be regarded as exploratory and hypothesis-generating
rather than confirmatory. Second, although the use of heatmaps facilitated a broad
exploratory assessment of associations, the absence of multivariate modeling prevents
firm conclusions about the combined influence of variables. Larger cohorts are needed
to validate these findings and support more robust analytical approaches. Third,
performance was assessed using a single benchmark WOD, Fran. While Fran provides
strong ecological validity (Rios et al., 2024), it represents a short-duration, mixed-modal
workout that emphasizes ventilatory and fatigue-related demands. Incorporating WODs
with different time domains and movement patterns would yield a more comprehensive
perspective on CrossFit performance (Butcher et al., 2015). Fourth, contextual factors
such as nutrition, sleep, and recovery status were not directly controlled, which may have
influenced both physiological responses and performance outcomes (Ponce-Garcia et al.,
2025; Zhang et al., 2025). While this reflects real-world training conditions, it also
introduces variability that should be more rigorously controlled or monitored in future
research. Fifth, the cross-sectional design precludes causal inference, underscoring the
need for longitudinal or intervention-based studies. Finally, while portable measurement
systems (e.g., gas analyzers and force platforms) enhanced ecological validity, they may
exhibit small differences in precision compared to laboratory-grade instruments.

Nonetheless, all devices employed have been previously validated and widely applied in
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field research (Zeitz et al., 2020; Gonzalez-Badillo et al., 2011; Smajla et al., 2024),

supporting confidence in the present findings.

Altogether, future research should aim to replicate these findings in larger and more
diverse populations, incorporate multiple WOD formats, and integrate longitudinal
monitoring to capture adaptation over time. Such approaches would provide a clearer
understanding of how ventilatory, neuromuscular, and perceptual determinants interact

to influence performance across the continuum of CrossFit experience.

Conclusion

This exploratory study suggests that, within the evaluated sample, performance in the
CrossFit benchmark workout Fran may be influenced by an interplay of body
composition, ventilatory efficiency, neuromuscular function, and perceived exertion.
Importantly, the potential predictors of performance appeared to vary according to sex
and training experience. Male and expert athletes tended to rely more heavily on
ventilatory efficiency and neuromuscular capacity, whereas females and novice athletes
seemed more constrained by decrements in jump performance, higher fat mass, and
elevated RPE values. While these findings should be interpreted with caution given the
small sample size, from a practical standpoint, the results also suggest potential
directions for individualized training strategies: for example, male and expert athletes
may benefit most from ventilatory conditioning and power-based resistance training,
whereas female and novice athletes may respond better to programs emphasizing fatigue
tolerance, technical efficiency, and perceptual load management. Such approaches may
assist coaches in tailoring training plans while awaiting confirmation from larger-scale

investigations.
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The general purpose of the current doctoral thesis was to analyze the physiological and
biomechanical determinants of CrossFit performance, and to examine how individual
factors such as sex and training experience moderate the contribution of these variables.
To address this purpose, a sequence of three studies was conducted with the following

specific aims:

i) To systematically review the evidence on the physiological and biomechanical

demands of CrossFit and their relation to performance;

ii) To experimentally investigate the main physiological and biomechanical
predictors of performance in a benchmark workout of the day (WOD),

considering differences by sex and training experience;

iii) To characterize the acute physiological and neuromuscular responses elicited by
a standardized WOD and to determine how these responses differ according to

sex and training experience.

The first study synthesized the existing evidence on the physiological and biomechanical
demands of CrossFit. The review confirmed that CrossFit is a multimodal, high-intensity
training (HIT) modality capable of eliciting improvements in maximal strength,
hypertrophy, muscular endurance, and cardiorespiratory capacity (Claudino et al., 2018;
Dominski et al., 2021; Meier et al., 2023). However, the literature revealed considerable
methodological heterogeneity, with most studies assessing either physiological or
biomechanical responses in isolation (Buther et al., 2015; Martinez-Gomez et al., 2019;
Mangine et al., 2020). This fragmentation limited the capacity to integrate findings and
totally understand performance determinants in WODs. Furthermore, few studies
explicitly examined individual characteristics such as sex or training experience, despite
evidence that these factors influence physiological responses (Dexheimer et al., 2019;
Schlegel & Kiehky, 2022; Zeitz et al., 2020). Therefore, the systematic review highlighted
the need for integrative experimental designs that combine domains and account for

subgroup differences when investigating CrossFit performance.
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Building on these findings, the second study experimentally examined predictors of
performance in the benchmark WOD Fran. Both physiological variables, including
VO2max, ventilatory thresholds, and blood lactate accumulation, and biomechanical
measures, such as one-repetition maximum (1RM), countermovement jump (CMJ), and
power output, emerged as significant contributors to performance time (Butcher et al.,
2015; Martinez-Gomez et al., 2019; Mangine et al., 2020; Zeitz et al., 2020). These results
align with previous research in fitness and HIIT, where aerobic capacity and
neuromuscular function complementarily determine performance outcomes (Bellar et
al., 2015; Drum et al., 2017; Tibana et al., 2018). A novel contribution of this study was
the observation that the relative weight of predictors varied across sexes and levels of
experience. Men generally relied more on absolute strength and power, whereas women
demonstrated advantages in fatigue resistance and pacing ability (Dexheimer et al.,
2019; Schlegel & Kiehky, 2022). Similarly, more experienced athletes exhibited greater
technical efficiency and metabolic control, reducing their dependency on ceiling-level
physiological variables, a finding that underscores the importance of accumulated

practice in high-skill, multimodal sports (Gonzélez et al., 2017; Tibana & de Sousa, 2018).

The third study extended this work by examining the acute physiological and
neuromuscular responses to a standardized CrossFit workout (Fran) in men, women,
experienced, and novice practitioners. Oxygen uptake, ventilation, heart rate, blood
lactate concentration, and jump performance were measured before and after the WOD
to characterize its immediate physiological and biomechanical impact (Tibana et al.,
2018; Mangine et al., 2020). The workout elicited pronounced metabolic and ventilatory
stress, accompanied by significant reductions in jump height and power, indicating
marked neuromuscular fatigue (Claudino et al., 2018; Drum et al., 2017). Men and more
experienced athletes completed the WOD faster and displayed greater ventilatory
efficiency and metabolic tolerance, whereas women and novice participants reported
higher perceived exertion and larger relative declines in jump performance (Dexheimer
et al., 2019; Schlegel & Kiehky, 2022). These findings reinforce that acute responses to
CrossFit are highly individualized and depend on both sex and training experience,
aligning with prior evidence that biological and experiential factors modulate fatigue
resistance, pacing, and technical efficiency during high-intensity exercise (Bishop et al.,
2008; Sandbakk & Holmberg, 2017).

Taken together, the sequence of studies provides a comprehensive framework for

understanding performance in CrossFit. This thesis advances the literature from

descriptive analyses of isolated physiological or biomechanical parameters toward
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integrative and mechanistic models that account for individual variability. The evidence
demonstrates that CrossFit performance and acute responses are multifactorial, context-
dependent, and influenced by individual characteristics such as sex and experience.
These findings not only enrich the evidence base for CrossFit athletes and coaches but
also extend to the broader field of high-intensity training, where similar multimodal
demands challenge multiple physiological and neuromuscular systems (Thompson et al.,

2020; Buckley et al., 2015).

A methodological strength of the present work was the integration of physiological and
biomechanical domains within the same predictive framework. Previous studies typically
focused on either metabolic/ventilatory responses or neuromuscular/biomechanical
measures, which limited explanatory capacity (Claudino et al., 2018; Martinez-Gomez et
al., 2019). By combining VO2max, ventilatory thresholds, lactate accumulation, strength,
and power measures, the present thesis offered a more comprehensive model of WOD
performance. In addition, the explicit inclusion of sex and training experience as key
individual factors provided a more realistic and nuanced interpretation of results,
reducing the bias that can arise from aggregated analyses (Hopkins, 2000; Bouchard &
Rankinen, 2001). This integrative and stratified approach illustrates how methodological
advances can refine sports performance models, particularly in emerging modalities

where complexity and variability are inherent.

Although the thesis was specifically focused on CrossFit, the findings may have broader
implications for exercise and sports science. High-intensity training modalities share the
multimodal, high-intensity nature of CrossFit, combining strength, endurance, and
technical skill within the same training units (Thompson et al., 2020; Buckley et al.,
2015). The results suggest that performance in such contexts may depend on the
interaction between physiological and biomechanical factors, with potential modulation
by sex and experience (Bishop et al., 2008; Sandbakk & Holmberg, 2017). More broadly,
this thesis highlights the value of integrative approaches that bridge physiological and
biomechanical perspectives and explicitly consider inter-individual variability, offering
preliminary insights for refining training prescription and monitoring across athletic

populations.

Despite these contributions, some limitations should be acknowledged. First, the
experimental studies involved modest sample sizes, which limit statistical power and
generalizability. Second, although sex and training experience were included as key

analytical factors, other potential influences, such as body composition, psychological
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variables, or pacing strategies, were not systematically assessed. Third, the use of a single
benchmark WOD (Fran) constrains external validity, as other workouts may emphasize
different mechanical and metabolic demands (Mangine et al., 2020; Zeitz et al., 2020).
Fourth, the cross-sectional design of the experimental studies precludes causal
inference; longitudinal designs are needed to verify whether changes in specific
physiological or biomechanical parameters translate into improved performance (Bellar
et al., 2015; Drum et al., 2017). Finally, aspects such as technical execution and tactical
decision-making, which are likely to influence pacing and efficiency in WODs, were not
directly analyzed and warrant further investigation. Overall, these limitations highlight
the exploratory character of the findings and the need for continued research using

larger, more diverse samples and complementary methodological approaches.

In summary, this doctoral thesis provided preliminary evidence that CrossFit
performance may be influenced by the combined contribution of physiological and
biomechanical determinants, with potential modulation by sex and training experience.
The findings highlight the importance of individualized assessment and tailored training
prescription, rather than uniform programming approaches. By integrating systematic
review and experimental research while explicitly considering individual characteristics,
this thesis proposes a multidimensional perspective for studying performance in
CrossFit and related high-intensity training modalities, offering methodological,

practical and theoretical insights for both science and practice
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The findings of the present doctoral thesis suggest that performance in CrossFit may be
influenced by the interaction between physiological and biomechanical factors, with
their relative importance varying according to sex and training experience. Integrating
these domains provided a broader and more coherent understanding of potential
performance determinants, while emphasizing the need to account for individual

variability when interpreting results.

The systematic review indicated that CrossFit elicits adaptations across multiple fitness
domains, yet the existing literature remains methodologically heterogeneous and often
isolates physiological or biomechanical dimensions. The experimental studies further
suggest that variables such as maximal strength, power, oxygen uptake, ventilation, and
lactate accumulation may relate to performance in benchmark WOD, although the
strength of these associations differed between men and women and across levels of

experience.

Overall, the evidence points toward a multifactorial and individualized nature of CrossFit
performance. Differences related to sex and training experience appear to influence how
athletes respond to and perform during high-intensity multimodal exercise. These
results underscore the importance of individualized assessment and training
prescription, while recognizing the exploratory character of the findings and the need for

confirmation in larger, longitudinal studies.
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The results obtained in this thesis represent a first step toward a more comprehensive

understanding of the biomechanical and physiological determinants of performance in

CrossFit, both in training and competitive contexts. Despite the relevant contributions

presented here, many questions remain unanswered, particularly regarding the complex

interaction between physiological capacity, biomechanical efficiency, and individual

characteristics (e.g., sex and training experience) in determining performance across

different Workout of the Day (WOD) formats. Therefore, several directions for future

research can be proposed:

ii.

iii.

v.

Compare the acute physiological and biomechanical responses e.g., oxygen
uptake kinetics, ventilatory thresholds, lactate accumulation, neuromuscular
fatigue, and kinematic adaptations) across different WOD structures (e.g.,
AMRAP vs. time-to-completion vs. EMOM), while equalizing total training
volume and work-to-rest ratios, to clarify how task design influences

determinants of performance.

Examine the long-term adaptations to CrossFit-specific training when
modulating key programming variables (e.g., volume, intensity, density, exercise
order), with a particular focus on whether performance improvements are more
strongly driven by physiological (e.g., VO.ma, buffering capacity) or

biomechanical (e.g., lifting velocity, movement efficiency) adaptations.

Investigate sex-specific and experience-dependent predictors of CrossFit
performance, particularly to determine whether the relative weight of
physiological (e.g., aerobic capacity, lactate tolerance) and biomechanical (e.g.,
barbell velocity, jump performance) determinants varies between men and

women or between novice and experienced athletes.

Develop and validate predictive models of CrossFit performance using integrative
approaches that combine multiple domains (e.g., strength, power, aerobic
capacity, technical efficiency, recovery dynamics). Machine learning and
multivariate statistics could be applied to identify the most robust predictors in
different types of WOD.
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Viii.

iX.

Explore the time course of recovery following different CrossFit workouts,
including neuromuscular, hormonal, metabolic, and perceptual responses, to

optimize programming and minimize risk of overtraining or injury.

Conduct longitudinal studies comparing individualized vs. standardized
programming approaches in CrossFit athletes, to assess whether tailoring WODs
to sex, anthropometric characteristics, or baseline physiological/biomechanical

profiles results in superior adaptations and reduced performance variability.

Investigate the ecological validity and transferability of laboratory-based
predictors of performance (e.g., VO.max treadmill testing, incremental loading
tests) to real-world CrossFit competition scenarios, where pacing, task

prioritization, and fatigue management may alter performance outcomes.

Expand research to include broader populations, such as youth, masters, or
clinical groups engaging in CrossFit as a form of training, to determine whether
the same predictors of performance observed in competitive athletes are relevant

for health- or fitness-oriented practitioners.

Investigating injury epidemiology in relation to biomechanical and physiological
demands, clarifying whether specific performance determinants (e.g., lifting
velocity, fatigue-induced technique breakdown, insufficient recovery) are
associated with increased risk, and how monitoring strategies could be used

preventively.
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Appendix

Appendix

Table 1. Strength and mechanical performance during resistance exercises at 80% of 1RM, compared by

Ssex.
Pooled Males (n = 8) Females (n =7) A%
1RM BS (kg) 104.6 + 28.4 124.1 + 24.2 82.4 £10.5 16.6
Vmax (m/s) (80%) 1RM BS 1.0 £ 0.1 0.9 + 0.1 1.0 £ 0.1 -7.6
V (m/s) (80%) 1IRM BS 0.5+ 0.1 0.5+ 0.1 0.5+ 0.1 -1.9
Power (W) (80%) 1RM BS 823.8 + 203.2 960.2 + 182.9 668.0 + 64.9 13.1
Max Power (W) (80%) 1IRM BS 1822.4 + 412.8 2065.8 + 374.0 1544.3 + 255.4 5.9
Force (N) (80%) 1RM BS 1585.2 + 337.0 1838.1 £ 224.8 1296.0 + 152.4 14.1
Max Force (N) (80%) 1RM BS 2033.2 + 462.8 2340.1 + 390.9 1682.5 + 228.7 16.4
1RM DL (kg) 134.9 + 30.3 155.4 £ 27.9 111.7 £ 6.3 15.8
Vmax (m/s) (80%) 1RM DL 0.8+0.1 0.9 £ 0.1 0.8 +0.1 -11.1
V(m/s) (80%) 1IRM DL 0.6 + 0.0 0.6 + 0.0 0.5+ 0.0 1.9
Power (W) (80%) 1RM DL 562.1 + 150.2 641.9 + 120.1 470.9 + 132.6 18.0
Max Power (W) (80%) 1RM DL 951.5 + 222.6 1084.0 + 186.8 799.9 + 157.1 11.1
Force (N) (80%) 1RM DL 1051.8 + 277.2 1198.4 + 202.3 884.2 + 264.9 20.5
Max Force (N) (80%) 1RM DL 1201.5 + 348.5 1466.5 + 262.2 1091.4 + 340.0 18.5
1RM BP (kg) 69.4 + 25.5 88.9 +17.7 47.1+7.9 21.8
Vmax (m/s) (80%) 1RM BP 0.7 £ 0.1 0.7 £ 0.1 0.7 £ 0.1 -9.5
V(m/s) (80%) 1IRM BP 0.5+ 0.1 0.5+ 0.1 0.5+ 0.0 -1.9
Power (W) (80%) 1RM BP 203.7 + 117.5 349.7 + 79.0 220.7 + 126.4 34.3
Max Power (W) (80%) 1RM BP 452.7 + 187.9 520.6 + 125.9 364.8 + 216.9 20.5
Force (N) (80%) 1RM BP 557.3 + 219.5 680.2 + 130.9 416.9 + 222.1 28.8
Max Force (N) (80%) 1RM BP 787.9 + 343.2 936.2 + 205.7 618.6 + 403.3 35.6

1RM: one-repetition maximum; BP: bench press; BS: back squat ; DL: deadlift; V: velocity.
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