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RESUMO

Introducéo: A popularidade do triatlo é amplamente refletida em sua abrangéncia global, com
mais de 120 federacOes nacionais e milhdes de atletas envolvidos mundialmente. Entretanto, o
crescimento dessa préatica esportiva tem sido acompanhado por um aumento significativo nas
lesGes, especialmente a tendinopatia de calcaneo, que afeta entre 12% e 24% dos triatletas de longa
distancia e 7,7% dos de curta distancia. Diante disso, é essencial compreender as adaptacoes
morfolégicas do tenddo calcaneo e dos musculos da panturrilha para tratar adequadamente essa
condicdo. Objetivo: O presente estudo tem como objetivo principal avaliar a rigidez do tendao
calcaneo e do triceps sural em triatletas e individuos fisicamente ativos, de ambos o0s sexos,
considerando as possiveis adaptacdes decorrentes do treinamento de alta intensidade. Além disso,
busca-se investigar as diferencas na rigidez das camadas superficial, média e profunda dos
musculos da panturrilha entre esses grupos, bem como as varia¢fes dentro de cada grupo.
Meétodos: Foram analisados 42 participantes divididos em quatro grupos: 10 triatletas masculinos,
10 controles masculinos, 11 triatletas femininos e 11 controles femininos. A rigidez do tend&do
calcaneo e dos musculos da panturrilha foi avaliada por meio da elastografia por onda de
cisalhamento (SWE). Resultados: N&do foram encontradas diferencas entre 0s grupos na rigidez
geral do tenddo calcaneo e dos masculos da panturrilha. No musculo soleo, a rigidez da camada
superficial foi maior no grupo controle masculino em comparagédo com as triatletas femininas (MD
=6,13, IC 95% 1,18 — 11,08, p = 0,002). Além disso, a camada média foi mais rigida no grupo
controle masculino em comparacdo com os triatletas masculinos (MD = 3,07, IC 95% 0,18 — 5,96,
p = 0,023) e as triatletas femininas (MD = 3,05, IC 95% 0,13 - 5,96, p = 0,028). Por fim, a camada
média foi mais rigida nos controles masculinos em comparacéo com as triatletas femininas (MD
= 3,60, IC 95% 0,45 — 6,74, p = 0,008). As diferencas dentro dos grupos mostraram que a camada
superficial apresentou maior rigidez do que as camadas média e profunda em todos os grupos e

musculos. Notavelmente, no gastrocnémio lateral, a camada profunda apresentou maior rigidez
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em comparagdo com a camada média apenas para os controles femininos (MD = 1,06, IC 95%
0,09-2,03, p=0,014). Concluséo: A pratica do triatlo ndo afeta a rigidez geral do tendédo calcaneo
e dos musculos da panturrilha. No entanto, as diferencas entre as camadas superficial, média e
profunda dos musculos enfatizam a importancia de uma avaliacdo segmentada na SWE para
identificar variacdes especificas entre essas camadas. Embora nossos achados ndo permitam
estabelecer diretamente uma relagcdo causal com adaptacdes ao treinamento ou suscetibilidade a
lesBes, estudos futuros poderdo explorar melhor esses aspectos para entender suas implicaces no

desempenho e prevencdo de lesdes.

Palavras-chave: Triatlo, Musculos da panturrilha, Esportes de resisténcia, Camada Muscular,

AdaptacGes musculotendineas.
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ABSTRACT

Introduction: The popularity of triathlon is reflected in its global reach, with over 120 national
federations and millions of athletes participating worldwide. However, this growth has been
accompanied by a notable increase in injuries, particularly Achilles tendinopathy. This condition
affects 12—24% of long-distance triathletes and 7.7% of short-distance triathletes. Understanding
the morphological adaptations of the Achilles tendon and calf muscles is crucial for addressing
this issue. Objective: The primary objective of the present study is to evaluate the stiffness of the
Achilles tendon and calf muscles in triathletes and physically active individuals of both sexes,
considering the possible adaptations resulting from high-intensity training. Additionally, it aims
to investigate the differences in stiffness of the superficial, middle, and deep layers of the calf
muscles between these groups, as well as the variations within each group. Methods: Cross-
sectional study with 42 participants, divided into four groups: 10 male triathletes, 10 male controls,
11 female triathletes, and 11 female controls. The stiffness of the Achilles tendon and calf muscles
was assessed using shear-wave elastography (SWE). Results: No between-group differences were
found for the overall stiffness of the Achilles tendon and calf muscles. In the soleus muscle, the
stiffness of the superficial layer was greater in the male control group compared to female
triathletes (MD = 6.13, 95% CI 1.18 — 11.08, p = 0.002). Also, the middle layer was greater in the
male control group compared to the male triathletes (MD = 3.07, 95% CI1 0.18 — 5.96, p = 0.023),
and female triathletes (MD = 3,05, 95% CI 0.13 — 5.96, p = 0.028). Finally, the middle layer was
greater in male controls compared to female triathletes (MD = 3.60, 95% CI 0.45 — 6.74, p =
0.008). Within-group differences showed that the superficial layer was generally stiffer than the
middle and deep layers across all groups and muscles. Notably, in the lateral gastrocnemius, the
deep layer showed greater stiffness compared to the middle layer only for female controls (MD =
1.06, 95% CI1 0.09 — 2.03, p = 0.014). Conclusion: The practice of triathlon does not affect the

overall stiffness of the Achilles tendon and calf muscles. However, the differences between the
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superficial, middle, and deep muscle layers highlight the importance of a segmented assessment
in SWE to identify specific variations among these layers. Although our findings do not allow us
to directly establish a causal relationship with training adaptations or susceptibility to injuries,
future studies may further explore these aspects to better understand their implications for

performance and injury prevention.

Keywords: Triathlon, Calf muscles, Endurance sports, Muscle layer, Musculotendinous

adaptations.
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CONTEXTUALIZACAO

O que é o Triatlo?

O triatlo é uma modalidade esportiva multidisciplinar que combina trés disciplinas
sequenciais: natacdo, ciclismo e corrida. Criado em 1974, na cidade de San Diego, California, o
triatlo rapidamente cresceu em popularidade, culminando em sua inclusdo como esporte olimpico
nos Jogos de Sydney, em 2000 (Migliorini, 2020). Desde entdo, o triatlo tem atraido um ndmero
crescente de praticantes ao redor do mundo, com 120 federagBes nacionais filiadas a Unido
Internacional de Triatlo (ITU - INTERNATIONAL TRIATHLON UNION, 2022). No Brasil, a
primeira competi¢cdo oficial foi realizada em 1983, no Rio de Janeiro, e 0 esporte tem
experimentado uma expansao significativa desde entdo (CBTRI - Confederacdo Brasileira de

Triathlon, 2018).

As competicdes de triatlo sdo divididas em varias distancias, cada uma com exigéncias
fisicas distintas. As principais categorias incluem o Sprint/Short Triatlo (750 m de natacdo, 20 km
de ciclismo e 5 km de corrida), o Triatlo Olimpico (1.500 m de natacdo, 40 km de ciclismo e 10
km de corrida), o Ironman 70.3 (1.900 m de natacdo, 90 km de ciclismo e 21 km de corrida) e o
Ironman Full (3.800 m de natacao, 180 km de ciclismo e 42 km de corrida) (Kennedy et al., 2020).
Cada uma dessas distancias requer adaptacdes especificas nos treinamentos e estratégias
competitivas, devido as diferentes demandas biomecanicas, fisioldgicas e teciduais impostas a

cada segmento do evento (V. Vleck & Hoeden, 2020).

O numero de praticantes de triatlo tem crescido substancialmente nas Gltimas décadas. Nos
Estados Unidos, por exemplo, o nimero de triatletas aumentou de 0,98 milhdo em 2006 para 4,04
milhGes em 2017 (Statista Research Department, 2022). A mudanca no perfil dos participantes

também € marcante, com o aumento da participacdo de atletas mais velhos (acima de 40 anos) e
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do sexo feminino (Piacentini et al., 2019). Em eventos globais como o Ironman World
Championship, a participacdo feminina aumentou significativamente, refletindo a inclusdo e
acessibilidade crescentes do esporte para diferentes faixas etarias e géneros (The IRONMAN
Group, 2023). Esse aumento na diversidade de competidores promove um cenario mais inclusivo,
mas também gera novas demandas de treinamento, especialmente quando se considera os impactos

do envelhecimento no desempenho atlético (Piacentini et al., 2019).

As exigéncias fisicas do triatlo variam conforme as distancias, e cada uma das trés
modalidades (natacdo, ciclismo e corrida) imp&e padrées de movimento e demandas fisioldgicas
especificos. A troca entre as modalidades, chamada "transi¢cdo", exige uma rapida adaptacéo dos
atletas, tanto muscular quanto biomecénica, o que pode representar um desafio adicional (V. E.
Vleck et al., 2010). A capacidade de alternar entre diferentes movimentos de forma eficiente €
essencial para o sucesso no triatlo e exige um controle preciso das estruturas musculoesqueléticas,
como os musculos dos membros inferiores e tenddes, incluindo o tenddo de calcaneo, altamente

solicitado durante as fases de ciclismo e corrida (Vleck et al., 2014).

Além disso, o triatlo impde uma carga cumulativa de estresse sobre o sistema
musculoesquelético devido a combinacdo das trés modalidades. O ciclismo, por exemplo, exige
uma postura prolongada que pode levar a desequilibrios musculares, enquanto a corrida, realizada
apos o ciclismo, gera forcas de impacto adicionais em musculos ja fatigados, aumentando a
vulnerabilidade a lesbes (Feletti et al., 2022). A carga prolongada nas estruturas musculares e
tendineas, particularmente nos membros inferiores, pode levar ao desenvolvimento de lesbes por

uso excessivo, como a tendinopatia do calcaneo (Rhind et al., 2022).

Estudos indicam que triatletas mais velhos, embora mantenham niveis elevados de
desempenho, podem ser mais suscetiveis a lesdes devido a diminuigdo da elasticidade dos tecidos

e da rigidez muscular e tendinea (Piacentini et al., 2019). No entanto, essa diminuicdo da rigidez
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pode ser observada ndo apenas em atletas mais velhos, mas também em atletas mais jovens que
sofrem com o desgaste crénico associado ao treinamento e a competicdo de alta intensidade
(Awvrillon et al., 2020). Essas alteragdes biomecanicas e estruturais nos tendées e musculos,
especialmente no tendao de calcaneo, tornam-se um ponto crucial de analise para compreender as

demandas fisicas do triatlo.

Lesdes no Triatlo

Com o crescimento da préatica do triatlo em todo o mundo, observou-se um aumento
significativo nas exigéncias fisicas impostas aos atletas, especialmente nas modalidades de longa
distancia (Feletti et al., 2022). A combinacédo de natacdo, ciclismo e corrida gera uma sobrecarga
consideravel, principalmente nos membros inferiores, particularmente devido a repeti¢do continua
de movimentos, o que estd fortemente associado ao surgimento de lesGes por uso excessivo em
estruturas como musculos, tenddes e articulacdes (Spiker et al., 2012). Estudos apontam que as
lesbes mais comuns envolvem o tornozelo, pé e joelho, com a tendinopatia de calcaneo sendo uma
das mais prevalentes, especialmente entre triatletas de longa distancia (McHardy et al., 2006;

Tuite, 2010).

A tendinopatia do calcaneo afeta entre 12% e 24% dos triatletas de longa distancia e cerca
de 7,7% dos triatletas de curta distancia, sendo caracterizada por dor, espessamento local e redugédo
da capacidade funcional (Jarvinen et al., 2005). Essa condi¢do decorre de uma sobrecarga
repetitiva e de alta intensidade, particularmente nas modalidades de longa distancia, como o
Ironman, onde o tempo de exposicdo ao estresse biomecéanico é prolongado (V. E. Vleck &
Garbutt, 1998). A sobrecarga cumulativa de treinos intensos e competi¢cOes frequentes pode
exacerbar a vulnerabilidade a essas lesdes, com a corrida sendo a principal atividade relacionada

as lesdes por uso excessivo, seguida pelo ciclismo (Feletti et al., 2022).
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A tendinopatia do tend@o de calcaneo pode ser dividida em duas principais categorias:
tendinopatia da porcédo média e tendinopatia insercional, cada uma com caracteristicas distintas e
implicacdes clinicas especificas. A tendinopatia da por¢cdo média geralmente ocorre na regido
distal do tenddo, entre 2 e 6 cm acima de sua insercdo no calcaneo. Essa forma da condicéo esta
associada a uma sobrecarga repetitiva e € frequentemente vista em atletas que realizam atividades
de alto impacto e movimentos repetitivos, como corrida e ciclismo, comuns no triatlo (Jarvinen et
al., 2005; Martin et al., 2018). Histologicamente, a tendinopatia da por¢do média esta ligada a
desorganizacao das fibras de colageno e a presenca de neovascularizacdo, o que contribui para a
reducdo da capacidade de cicatrizacdo e para o aumento da vulnerabilidade do tenddo a lesbes (H.

Y. Li & Hua, 2016; S. P. Magnusson et al., 2010).

Por outro lado, a tendinopatia insercional ocorre na juncao do tendao com o 0sso calcaneo.
Essa forma da condicdo esta frequentemente associada a um contato e tracdo exacerbados na
insercdo do tenddo, especialmente durante atividades que envolvem dorsiflexdo extrema do
tornozelo, como a corrida em superficies inclinadas ou o ciclismo prolongado (Tran et al., 2020).
Devido a sua localizacdo, a tendinopatia insercional também pode estar associada ao
desenvolvimento de bursites e inflamag6es na regido retrocalcanea, contribuindo para sintomas
adicionais de dor e edema. Estudos sugerem que a tendinopatia insercional tende a ser mais dificil
de tratar e tem um progndéstico mais desafiador em comparacdo a tendinopatia da por¢do média,
devido a complexidade anatdbmica da regido e a menor vascularizacéo, o que dificulta o processo

de cicatrizagdo (Martin et al., 2018).

O tratamento e a abordagem dessas condi¢fes variam de acordo com a localizacdo e a
gravidade da lesdo, com a tendinopatia da por¢cdo média geralmente respondendo melhor a terapias

de carga excéntrica, enquanto a tendinopatia insercional pode requerer uma combinacdo de
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intervencdes, incluindo modificacdes de treinamento, alongamentos especificos e até intervencdes

cirurgicas em casos mais graves (Aicale et al., 2020; H. Y. Li & Hua, 2016; Martin et al., 2018).

Estudos sugerem que a tendinopatia do calcaneo é uma condigdo multifatorial que envolve
tanto processos degenerativos quanto um processo inflamatério ndo resolutivo, onde a inflamacéo
ndo consegue promover uma cicatrizagdo efetiva. A sobrecarga mecénica e o estresse repetitivo,
particularmente comuns em atividades como corrida e ciclismo no triatlo, resultam em
microtraumas no tendao, que desencadeiam essa cascata de respostas degenerativas e inflamatorias
(Maffulli etal., 2003; S. P. Magnusson et al., 2010). Esses microtraumas levam a uma remodelagéo
patoldgica da matriz extracelular, com aumento da producdo de colégeno tipo Ill, que € menos
resistente a tracdo do que o colageno tipo I, além da desorganizacdo das fibras colagenas, o que

contribui para a diminuicdo da resisténcia e elasticidade do tenddo (Arya & Kulig, 2010).

Durante o processo degenerativo, ha também um aumento da vasculariza¢cdo anormal
(neovascularizacao), que, ao contrario do que se espera, ndo promove uma regeneracao eficiente,
mas sim uma cicatrizacdo inadequada. Isso agrava a disfuncdo tendinea, resultando em uma
reducdo da capacidade do tenddo de suportar cargas adequadas (S. P. Magnusson et al., 2010).
Com isso, a rigidez do tend@o diminui, comprometendo sua capacidade de transmitir forca de

forma eficiente, o que eleva o risco de lesbes mais graves, como rupturas (Arya & Kulig, 2010).

Além da tendinopatia do calcaneo, outras lesdes por uso excessivo sdo comuns entre
triatletas, afetando principalmente os membros inferiores. As lesdes no joelho, como a dor
patelofemoral e a sindrome da banda iliotibial, sdo recorrentes, sendo frequentemente associadas
ao ciclismo e a corrida, devido a repeticdo constante de movimentos e ao impacto repetitivo nas
articulacGes (Feletti et al., 2022). Também s&o observadas lesdes no quadril e na coluna lombar,
frequentemente relacionadas a postura prolongada no ciclismo e ao desequilibrio muscular gerado

pela combinacéo das diferentes modalidades (Tuite, 2010). As lesdes no pé, como a fascite plantar
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e fraturas por estresse, sdo particularmente comuns em triatletas de longa distancia, devido a alta
demanda imposta aos musculos e 0ssos durante a corrida de longa duragdo. Essas lesGes, assim
como as de tenddo, sdo em grande parte decorrentes do volume e intensidade elevados dos

treinamentos, exacerbados pela recuperacao inadequada (Spiker et al., 2012).

Os fatores de risco para lesdes no triatlo ainda requerem estudos mais aprofundados,
embora alguns aspectos ja estejam bem estabelecidos, como o histérico prévio de les6es e padroes
inadequados de treinamento. Atletas com lesdes anteriores tém maior predisposicdo a lesdes
subsequentes, principalmente quando o periodo de recuperacdo € insuficiente (Feletti et al., 2022).
Além disso, a carga de treinamento, a frequéncia e a intensidade dos exercicios, sobretudo na
corrida e no ciclismo, sdo fatores de risco intrinsecos diretamente relacionados ao
desenvolvimento de lesdes por uso excessivo. Em particular, 0 aumento subito na intensidade ou
no volume de treinamento pode elevar drasticamente a incidéncia de lesdes (V. Vleck et al., 2014).
Outro fator relevante é o desequilibrio muscular entre os membros inferiores, que pode predispor
a lesOes articulares e musculares, especialmente em atividades que demandam repeticdo continua

de movimentos, como o triatlo (Piacentini et al., 2019).

Recentemente, variaveis como a biomecanica individual, a qualidade do sono e os niveis
de estresse também tém sido investigadas como possiveis fatores de risco. Estudos sugerem que a
forma como o atleta distribui sua carga durante a corrida ou o ciclismo pode influenciar
significativamente sua suscetibilidade a lesdes (Feletti et al., 2022). Além disso, condi¢cbes como
a fadiga crénica e o sono inadequado podem reduzir a capacidade de recuperacdo do corpo,
aumentando as chances de lesdes agudas e por uso excessivo (Spiker et al., 2012). Esses aspectos
ainda requerem mais investigacOes para serem completamente entendidos, mas ja apontam para a
importancia de uma abordagem multifatorial na prevencao de lesGes (Piacentini et al., 2019; Spiker

etal., 2012; V. Vleck et al., 2014).
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Outro fator relevante, que interfere na incidéncia de lesdes no triatlo, € o aumento
expressivo no numero de triatletas com idade mais avangada, refletindo uma mudanca significativa
no perfil etario dos praticantes desse esporte. Estudos indicam que a média de idade dos triatletas,
especialmente nas modalidades de longa distancia, tem se elevado consideravelmente, com muitos
atletas ativos acima dos 40 anos (Piacentini et al., 2019). Esse cenario também foi observado em
nosso estudo, onde a média de idade dos triatletas masculinos foi de 39,6 anos e, no grupo
feminino, de 40,63 anos, o0 que reforca essa tendéncia crescente. Com o avanco da idade, ha uma
diminuicao natural da rigidez dos musculos e tenddes, o que pode aumentar a suscetibilidade a
lesBes, especialmente em esportes de alta intensidade como o triatlo (Lindemann et al., 2020). A
menor rigidez dessas estruturas compromete a capacidade de resposta ao estresse mecanico
repetitivo, resultando em maior risco de lesdes, como a tendinopatia do calcaneo (Pentidis et al.,

2020).

Estrutura e organizacado hierarquica do musculo esquelético e tenddes

O musculo esquelético possui uma estrutura altamente organizada e hierarquica, essencial
para a geragédo de forga e movimento. Essa organizagdo comeca na fibra muscular individual, que
é envolvida pelo endomisio, composto por colageno tipo Il e 1V, oferecendo elasticidade e suporte
estrutural local. As fibras musculares sdo organizadas em feixes, chamados fasciculos, circundados
pelo perimisio, predominantemente formado por colageno tipo I, que confere maior resisténcia e
suporte mecanico ao tecido. Por fim, o masculo completo é envolvido pelo epimisio, uma camada
densa e rigida, rica em colageno tipo I, que protege o musculo e facilita a transmissdo de forca
para os tenddes (Charles et al., 2022; Kjer, 2004; S. Magnusson et al., 2001; W. Zhang et al.,

2021).

A matriz extracelular (MEC) presente nessas camadas € crucial para a fungdo do masculo

esquelético, proporcionando suporte estrutural, comunicacdo celular e reparo tecidual apos lesdes
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ou sobrecargas mecanicas (W. Zhang et al., 2021). O colageno tipo I, predominante no epimisio e
no perimisio, garante rigidez e resisténcia a tracdo, enquanto o colageno tipo Il e IV, presente no
endomisio, proporciona elasticidade e adaptabilidade muscular. Essas caracteristicas sao
particularmente relevantes em esportes de resisténcia, como o triatlo, onde os musculos estéo

sujeitos a esfor¢os repetitivos e intensos (Meyer & Lieber, 2011).

Além do coldgeno, a MEC do mausculo esquelético contém outros componentes que
influenciam sua organizacdo hierarquica e rigidez. A fibronectina e a tenascina, por exemplo,
facilitam a adesdo e proliferacdo celular, além de atuarem na transmissao de forgas contrateis entre
as fibras musculares (Sleboda et al., 2020). Os proteoglicanos ricos em leucina (SLRPs), como a
decorina e a biglicana, desempenham papéis cruciais na regulacdo da fibrilogénese e modulacéo
da rigidez tecidual em resposta a estimulos mecanicos. A decorina, por sua vez, modula a rigidez
muscular ao limitar a sintese de colageno tipo I, impactando diretamente a estrutura das fibrilas de
colageno (Gindre et al., 2013; Sleboda et al., 2020). Esses elementos contribuem para a capacidade
adaptativa do musculo diante de demandas fisicas intensas, como as encontradas em esportes de

resisténcia (Kjeer, 2004).

Outra consideracéo relevante é o papel do tecido conjuntivo intramuscular e intermuscular
nas transmissdes de forca e interacdes entre masculo e tenddo e entre diferentes misculos. Segundo
Kjer (2004), a MEC facilita a transmissédo lateral e longitudinal de forgas, influenciando
diretamente a rigidez nas regides mais profundas do musculo. A menor rigidez observada na
camada meédia pode estar relacionada a distribuicao de colageno tipo 111, mais elastico, e a presenca
de maior densidade de fibras contrateis envoltas pelo endomisio, que é rico em laminina e coldgeno
tipo IV (W. Zhang et al., 2021). As camadas superficiais, por sua vez, sdo mais rigidas devido a
maior concentracdo de coladgeno tipo I, enquanto as camadas médias apresentam maior

flexibilidade (Sleboda et al., 2020).
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Os tenddes, que conectam 0s musculos aos 0ssos, possuem uma organizacdo semelhante a
do musculo. Compostos principalmente por colageno tipo I, os tenddes apresentam alta resisténcia
a tracdo. As fibrilas de colageno organizam-se em fibras, que, por sua vez, formam fasciculos
maiores, envoltos por camadas como endotendéo, epitenddo e paratenddo, permitindo a eficiente
transmissdo de forca do musculo para os 0ssos durante 0 movimento (Franchi et al., 2007; Jarvinen

et al., 2005).

A interacdo entre a organizacdo muscular, tendinea e a acdo da MEC ¢é particularmente
relevante em contextos de alta demanda fisica (Meyer & Lieber, 2011). Durante atividades como
o ciclismo e a corrida, tenddes como o tend&o de calcaneo estdo sujeitos a forgas axiais elevadas e
repetitivas, aumentando o risco de lesGes por sobrecarga. A MEC também contribui para a
distribuicdo das forcas contrateis, reduzindo o estresse mecanico em regides especificas do

musculo e preservando a integridade das fibras (V. E. Vleck & Garbutt, 1998).

Por fim, a variagdo na rigidez entre as camadas musculares reflete a distribuicdo dos
componentes da MEC. A camada superficial e profunda, mais préxima das estruturas externas do
musculo, como a aponeurose superficial, 0 epimisio e as ramificagdes mais externas do perimisio,
tende a apresentar maior rigidez devido a alta concentragdo de colageno tipo | (W. Zhang et al.,
2021). Em contrapartida, a camada média, localizada mais ao centro do mdsculo, contém a maior
concentragdo de fibras musculares, associadas aos endomisio e perimisios. Nesta regido, estamos
mais distantes do epimisio e das camadas mais superficiais do perimisio, o que reflete uma area
com maior densidade de tecido contréatil e uma rede complexa de colageno tipo Il e 1V, associados

ao endomisio (Csapo et al., 2020a; W. Zhang et al., 2021).
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Elastografia por ondas de cisalhamento (SWE) na avaliacdo da rigidez muscular e tendinea

A elastografia por ondas de cisalhamento (SWE), uma técnica avancada de imagem, tem
se mostrado altamente eficaz na avaliacdo da rigidez dos tecidos musculares e tendineos,
especialmente no tenddo calcaneo e nos musculos da panturrilha (Domenichini et al., 2017).
Diferentemente da US convencional, a SWE permite a medi¢cdo direta da rigidez do tecido,
oferecendo dados quantitativos sobre a elasticidade do tenddo e do muasculo (Mifsud et al., 2023).
Essa técnica tem sido amplamente utilizada para estudar as propriedades biomecénicas do tendéo
calcaneo, fornecendo insights valiosos sobre as alteragdes que ocorrem em resposta ao treinamento

e a pratica esportiva (Sukanen et al., 2024).

Além disso, a elastografia j& é bem estabelecida em diversas areas clinicas, sendo
amplamente utilizada no diagnostico de doengas hepéticas, como a fibrose hepatica, onde auxilia
na avaliacdo da rigidez do figado (Paluch et al., 2016). Ela também é aplicada na avaliacdo de
lesbes mamarias, nddulos tireoidianos e patologias prostaticas, permitindo uma caracterizacdo
tecidual mais precisa sem a necessidade de métodos invasivos (Domenichini et al., 2017). Essas
aplicacbes, junto com sua crescente utilizacdo no sistema musculoesquelético, destacam a
versatilidade da elastografia como uma ferramenta diagnostica ndo invasiva (Crawford et al.,

2023).

Entre as principais vantagens da SWE estdo sua capacidade de fornecer medidas
quantitativas precisas de rigidez tecidual, de forma néo invasiva e rapida, permitindo diagnésticos
mais precoces e monitoramento continuo da recuperagéo de lesGes (Cianforlini et al., 2018; Paluch
et al., 2016). Adicionalmente, a SWE é amplamente acessivel e economicamente viavel em
comparacdo com outras técnicas de imagem, como a ressonancia magnetica (Domenichini et al.,
2017). Contudo, as principais limitagdes da SWE incluem sua dependéncia do operador, 0 que

pode afetar a precisdo dos resultados, especialmente em tecidos mais profundos, onde a resolugédo
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pode ser reduzida (Domenichini et al., 2017; Paluch et al., 2016). A variabilidade na pressao
aplicada pelo operador e a necessidade de padronizar as técnicas de exame também sdo pontos
criticos que precisam ser aprimorados para aumentar a confiabilidade e reprodutibilidade dos

resultados (Domenichini et al., 2017; Gonzalez et al., 2021).

A SWE ¢é particularmente Gtil como uma ferramenta auxiliar no diagnostico precoce de
tendinopatias, permitindo a deteccédo de alteracGes na rigidez do tenddo que ndo seriam observadas
em exames convencionais (Prado-Costa et al., 2018). Esportes de resisténcia, como a corrida de
longa distancia e maratonas, tém um impacto significativo na rigidez dos musculos e tenddes,
particularmente no tenddo calcaneo, que € crucial para a economia de corrida. Embora uma maior
rigidez tendinea possa melhorar o desempenho, favorecendo o armazenamento e a liberacéo de
energia (Dumke et al., 2010), o treinamento prolongado e intenso pode levar a uma reducdo na
rigidez, aumentando o risco de lesdes, especialmente em atletas mais velhos (Fletcher &

Maclntosh, 2018a, 2018b).

A rigidez do tenddo calcadneo pode ser significativamente reduzida em casos de
tendinopatia devido a alteracbes estruturais no tenddo, como desorganizacdo das fibras de
colageno, aumento de glicosaminoglicanos e neovascularizagdo, que enfraquecem o tecido
tendineo (Domenichini et al., 2017). Essas mudancas tornam o tenddo menos capaz de resistir as
forgas de tragdo, resultando em uma elasticidade aumentada e rigidez reduzida. Em casos de
ruptura completa do tendao, a perda de continuidade do tecido provoca uma drastica reducdo da
rigidez, uma vez que a estrutura do colageno é destruida, impossibilitando a transmissdo de forca
(Domenichini et al., 2017; Mifsud et al., 2023). A SWE consegue identificar essas mudancas,
fornecendo uma avaliacdo quantitativa da gravidade da lesdo. Além disso, a SWE tem sido

aplicada para monitorar a recuperacédo de lesdes, permitindo 0 acompanhamento da reorganizacao
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das fibras de colageno e o retorno gradual da rigidez tendinea ao longo do processo de reabilitacdo

(Cianforlini et al., 2018).

A utilizacdo da SWE, portanto, ndo apenas facilita o diagndstico e a monitorizacdo de
lesbes tendineas e musculares, mas também pode oferecer uma perspectiva detalhada sobre as
adaptacOes fisioldgicas que ocorrem nesses tecidos. A expectativa é que, com melhorias na
padronizacdo e em sua aplicagdo, a SWE se torne uma ferramenta ainda mais essencial na prética
clinica para a avaliagdo e monitoramento de leses musculoesqueléticas (Cianforlini et al., 2018;
Domenichini et al., 2017). Essa tecnologia pode revelar mudancas sutis na rigidez que podem estar
associadas a um risco aumentado de lesdes, a adaptacdes positivas ou negativas ao treinamento,
proporcionando dados valiosos que podem ser utilizados para otimizar o desempenho e prevenir

lesGes em atletas de elite (Sukanen et al., 2024).

A inovacdo em nosso estudo, realizando uma abordagem segmentada, ao avaliar as
camadas superficial, média e profunda, proporciona uma analise mais detalhada da distribuicdo da
rigidez muscular. Embora ndo seja possivel separar diretamente a funcdo de cada estrutura
conectiva em termos de rigidez, essa divisdo em camadas permite uma melhor compreensao de
como a sobrecarga repetitiva afeta diferentes regiGes do musculo. 1sso pode ser Gtil na detecgédo
precoce de alteracdes patoldgicas, antes mesmo do surgimento de sintomas clinicos, permitindo a

aplicacdo de estratégias de prevencgdo mais especificas e direcionadas.

Diferencas sexuais no contexto esportivo.

Outro ponto relevante é a necessidade de avaliar ambos os sexos em estudos atléticos,
devido as diferencas fisiologicas e biomecanicas significativas entre atletas masculinos e
femininos, especialmente no que diz respeito a rigidez muscular e tendinea. Estudos demonstram

que as mulheres frequentemente apresentam menor rigidez tendinea em comparacdo com 0s
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homens, o que pode influenciar tanto sua suscetibilidade a lesdes quanto sua resposta ao
treinamento (Lepley et al., 2018; X. Zhang et al., 2021). Por exemplo, a rigidez do tendao calcaneo
foi encontrada significativamente menor em atletas femininas universitarias em comparagdo com
ndo atletas, sugerindo que o nivel de atividade e o sexo influenciam as propriedades mecéanicas do

tenddo (Althoff et al., 2024).

Essas diferencas na rigidez tendinea podem estar relacionadas, em parte, a fatores
hormonais. O estrogénio, por exemplo, tem um impacto significativo na composi¢do do tecido
tendineo, diminuindo a sintese de colageno e afetando a elasticidade do tenddo (McMahon &
Cook, 2024). Durante o ciclo menstrual, variacbes hormonais podem reduzir temporariamente a
rigidez do tenddo, o que pode aumentar a vulnerabilidade das mulheres a certas lesdes, como a
tendinopatia do tenddo calcaneo (Souron et al., 2016). Isso pode explicar, a0 menos em parte, a
maior prevaléncia de algumas lesdes tendineas em atletas do sexo feminino, particularmente em

atividades de alta demanda fisica como o triatlo.

Além dos fatores hormonais, ha evidéncias de que as mulheres possuem uma menor area
de seccéo transversal no tenddo calcaneo e uma menor capacidade de adaptacdo mecanica a cargas
repetitivas, o que contribui para a menor rigidez observada em estudos comparativos (Fouré et al.,
2022; Tas & Salkin, 2019). Essa menor rigidez pode aumentar a susceptibilidade das mulheres a
leses, visto que tenddes mais rigidos geralmente apresentam uma melhor capacidade de
armazenamento e liberacdo de energia, caracteristica importante para a eficiéncia biomecanica
durante atividades de resisténcia, como a corrida (Lepley et al., 2018; Piacentini et al., 2019; X.

Zhang et al., 2021).

Portanto, o presente estudo tem como objetivo comparar a rigidez do tenddo calcaneo e dos
musculos da panturrilha entre triatletas de ambos os sexos e individuos fisicamente ativos. O

objetivo secundario é comparar a rigidez das camadas superficial, média e profunda dos musculos
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da panturrilha entre esses grupos. Por fim, busca-se identificar diferencas na rigidez entre as
camadas dos musculos da panturrilha dentro de cada grupo. A hipétese € de que os triatletas
apresentem menor rigidez do tenddo calcaneo e dos musculos da panturrilha em comparagdo aos
controles fisicamente ativos, devido a carga de treinamento e ao uso excessivo dessas estruturas.
Além disso, espera-se que 0s triatletas apresentem menor rigidez nas camadas superficial, média
e profunda dos musculos da panturrilna em comparacdo aos controles, pelo mesmo motivo.
Finalmente, espera-se que a camada superficial dos musculos da panturrilha apresente maior

rigidez em comparacgdo com as outras camadas dentro de cada grupo de estudo.
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OBJETIVOS:

O presente estudo tem como objetivo principal avaliar a rigidez do tend&o calcaneo e do
triceps sural em triatletas e individuos fisicamente ativos, de ambos os sexos, considerando as
possiveis adaptacdes decorrentes do treinamento de alta intensidade. Além disso, busca-se
investigar as diferengas na rigidez das camadas superficial, média e profunda dos musculos da

panturrilha entre esses grupos, bem como as variagdes dentro de cada grupo.

HIPOTESES:

Hipotetizamos que: (1) a rigidez do tend&do calcaneo e dos musculos da panturrilha sera
menor em triatletas em comparacdo aos controles fisicamente ativos; (2) a rigidez das camadas
superficial, média e profunda dos musculos da panturrilha sera menor em triatletas em comparacao
aos controles; (3) dentro de cada grupo estudado, a camada superficial dos masculos da panturrilha
apresentara maior rigidez em comparacdo com as camadas média e profunda. (4) a rigidez do

tenddo calcaneo e dos musculos do triceps sural sera menor nas mulheres em relacdo aos homens.
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ABSTRACT

Introduction: Triathlon’s global popularity, with over 120 national federations and millions of
athletes, has led to an increase in injuries, particularly Achilles tendinopathy, affecting 12—24% of
long-distance and 7.7% of short-distance triathletes. Understanding the morphological adaptations
of the Achilles tendon and calf muscles is crucial. Objective: This study evaluation the stiffness
of the Achilles tendon and calf muscles in triathletes and physically active controls, while
identifying differences in the superficial, middle, and deep layers of the calf muscles across and
within these groups. Methods: A cross-sectional study was conducted with 42 participants divided
into four groups: 10 male triathletes, 10 male controls, 11 female triathletes, and 11 female
controls. Shear-wave elastography (SWE) assessed the stiffness of the Achilles tendon and calf
muscles. Results: No between-group differences were found for the overall stiffness of the
Achilles tendon and calf muscles. In the soleus muscle, the stiffness of the superficial layer was
greater in the male control group compared to female triathletes (p = 0.002). Also, the middle layer
was greater in the male control group compared to the male triathletes (p = 0.023), and female
triathletes (p = 0.028). Finally, the middle layer was greater in male controls compared to female
triathletes (p = 0.008). Within-group differences showed that the superficial layer was generally
stiffer than the middle and deep layers across all groups and muscles. Notably, in the lateral
gastrocnemius, the deep layer showed greater stiffness compared to the middle layer only for
female controls (p = 0.014). Conclusion: Triathlon does not affect the overall stiffness of the
Achilles tendon and calf muscles, but differences in muscle layers highlight the need for a

segmented approach in SWE, which may reveal specific training effects or injury risks.

Keywords: Triathlon, Achilles Tendon, Injury Risk, Muscle Layer, SWE
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INTRODUCTION

Triathlon is a growing sport worldwide, with 120 national federations affiliated with the
International Triathlon Union (ITU - INTERNATIONAL TRIATHLON UNION, 2022). In 2023,
more than 200,000 athletes participated in global qualifying events, with a notable increase in
female participation, rising from approximately 560 in 2011 to around 1,800 in the Ironman World
Championship in 2022, and from 600 to 2,100 in the Ironman 70.3 World Championship during
the same period. Additionally, the age range of participants is broad, with the average age being
42 years in the same competition, reflecting the sport's inclusivity and accessibility (The

IRONMAN Group, 2023; Triathlon Magazine Canada, 2023).

Alongside this popularization, there has also been an increase in the number of injuries,
especially due to overuse of the lower limbs, with the highest incidences in the ankle (12% to
24%), foot (14%), and knee (56%) (McHardy et al., 2006). Among these, Achilles tendinopathy is
notably prevalent, especially in elite athletes, with an incidence ranging between 12% and 24%
among long-distance triathletes compared to Olympic distance triathletes (Tuite, 2010). In a study
with [ronman athletes, 11% reported having suffered an Achilles tendon injury at least once, while
10% reported recurrent injuries. In short-distance triathletes, the prevalence was 8%, with a gender

disparity of 9% in men and 5% in women (V. Vleck & Hoeden, 2020).

Achilles tendinopathy is characterized by pain, local thickening, and reduced functional
capacity (Jarvinen et al., 2005). To fully comprehend these injuries, it is important to understand
the architecture and functionality of the tendons and muscles, which connect to transmit force and

facilitate movement. The occurrence of Achilles tendinopathy is associated with the tendon's small
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cross-sectional area and the substantial axial loading forces applied to it (Thompson & Baravarian,
2011). These forces induce structural changes in response to the demands placed on the tendon

(Biewener & Roberts, 2000; Cianforlini et al., 2018).

Given the complexity of muscle function, it is crucial to study the hierarchical organization
of muscle fibers and layers, including the structure of muscle aponeuroses (epimysium,
endomysium, and perimysium), to fully understand how different layers respond to specific
training regimens (Csapo et al., 2020b). Our approach using SWE, which assesses muscle stiffness
by separating it into superficial, middle, and deep layers, provides valuable insights into how this
hierarchical organization and the distribution of collagen within these layers influence the muscle's
response to training. Type I collagen, predominant in the superficial and intermediate layers,
confers greater stiffness to these regions, while Type III collagen, more abundant in the deeper
layers, contributes to greater elasticity and reduced stiffness (Gillies & Lieber, 2011).
Understanding these structural differences is essential for identifying how the extracellular matrix
(ECM) and various muscle layers respond to specific physical stimuli, which can assist in
developing better strategies for preventing injuries and potentially improving athletic performance

(Csapo et al., 2020b; Kjeer, 2004b).

Endurance sports like long-distance running and marathons significantly influence muscle
and tendon stiftness, particularly in the Achilles tendon, which is crucial for running economy.
While increased tendon stiffness can enhance performance by improving energy storage and
release (Dumke et al., 2010), prolonged and intense training can lead to reduced stiffness post-

marathon, raising the risk of injury, especially in older athletes (Fletcher & Maclntosh, 2018).
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Understanding these adaptations is vital for developing strategies to prevent injuries and optimize
performance, which is particularly relevant for triathletes given their high training volumes (Kubo

et al., 2010; Mackata et al., 2021).

Despite the substantial number of studies on the mechanical and morphological
characteristics of the Achilles tendon and the calf muscles, and their relationships with athletes of
various modalities, primarily runners, (Arampatzis et al., 2007; Esposito et al., 2022; Fletcher &
Maclntosh, 2018b; Gonzalez et al., 2021; Kovacs et al., 2020; Kvist, 1994; L. Li et al., 2023; Scott
et al., 2022; Ueno et al., 2018), in response to eccentric strength training (Geremia et al., 2019) in
clinical conditions such as spinal cord injury (Santana et al., 2022), and after Achilles tendon
rupture (Geremia et al., 2015). However, there remains a gap in the literature regarding the
adaptations of the Achilles tendon and calf muscles that occur due to the practice of triathlon

(Dirrichs et al., 2019; Ishika Chauhan & Priyanka Telang, 2022).

Evaluating both sexes in athletic studies is crucial due to the distinct physiological and
biomechanical differences between male and female athletes, particularly in muscle and tendon
stiffness. Research has shown that female athletes often exhibit lower tendon stiffness compared
to males, which can influence their susceptibility to injury and their response to training (Lepley
etal., [s.d.]; X. Zhang et al., 2021). Despite these differences, there is a notable scarcity of studies
focusing on female athletes, leading to a gap in tailored training protocols that address their specific
needs (McMahon & Cook, 2024). Understanding these sex-specific differences is essential for
developing effective and personalized training and rehabilitation strategies for both male and

female athletes.
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Therefore, we aimed to compare the stiffness of the Achilles tendon, and calf muscles
between triathletes of both sexes and healthy physically active controls. The secondary goal was
to compare the stiffness of the superficial, middle, and deep layers of the calf muscles between
these groups. Finally, we aimed to identify differences in the stiffness among the layers of the calf
muscles within each group. The hypothesis was that triathletes would present lower stiffness of
the Achilles tendon and calf muscles compared to active and healthy controls, due to the training
load and overuse of these structures. Additionally, it was expected that triathletes would show
lower stiftness of the superficial, middle, and deep layers of the calf muscles compared to controls
for the same reason. Finally, it was expected that the superficial layer of the calf muscles would

present greater stiffness compared to the other layers within each study group.

METHODS

Study Design

This cross-sectional study followed the recommendations of STROBE (Strengthening the
Reporting of Observational Studies in Epidemiology) and was approved by the Ethics Committee
on Research with Humans of the University of Brasilia (CAAE: 70162723.0.0000.8093). Informed

consent was obtained in accordance with the Helsinki Declaration and local resolution.

Participants

Forty-two participants were selected for this study (twenty-one triathletes and twenty-one
healthy controls). They were divided into four groups: (I) Male triathletes (n=10), male controls

(n=10), female triathletes (n=11), and female controls (n=11). The triathlon group included athletes
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of age greater than 18 years old, of both sexes and who had practiced the sport for more than a
year with a frequency training of at least four times a week. Triathletes were instructed not to train
in the 8 hours preceding their scheduled evaluation. All evaluations were conducted in the morning
to facilitate and standardize the assessment period. A longer training abstention period or control
over their training phase was not requested to avoid disrupting the athletes' routine, which could

have led to withdrawal from the study.

The control group included healthy, physically active participants with age greater than 18
years old, of both sexes, and who had practiced any physical activity (except running) for more
than a year with a frequency training of at least three times a week. Participants with concomitant
musculoskeletal injuries, with underlying neurological/neuromuscular disorders, who had used
anabolic steroids or steroidal anti-inflammatories or antibiotics from the fluoroquinolone group in
the four weeks before the evaluation, and who had delayed muscle pain on the day of the
assessment were excluded from both groups (Alves et al., 2019). For women in both groups who
have a menstrual cycle, whether regular, irregular, or under contraceptive use, data collection was
not conducted 5 days before, during, or 5 days after the menstrual period (Dantas et al., 2015;
Elliott et al., 2003; Elliott-Sale et al., 2021; Teepker et al., 2010; Tenan et al., 2016). Participants

were recruited from September 2023 to May 2024 through competitive triathlon events.

Data collection

Data collection began with a questionnaire to obtain identification and general data such as
age (years), body mass (kg), height (m), body mass index (BMI) (kg/m?), history of injury,
medications/supplements, and training information.
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Subsequently, the stiffness of the Achilles tendon, soleus, medial gastrocnemius, and lateral
gastrocnemius was assessed using SWE. All evaluations were performed by a single evaluator,
who was previously trained and qualified. Data collection was performed an ultrasound (US)
system (ACUSON Redwood Ultrasound System — Siemens Healthineers, Erlangen, Germany)
using with a linear transducer (10 - L4 MHz). Tendon and musculoskeletal settings were used with
scales ranging from 0-300 kPa. Participants were positioned prone on an examination table, with
their knees extended and ankles in a relaxed position (no muscle contraction or foot support), with
their feet hanging off the table (Figure 1 A-D). Three US images were obtained for the Achilles

tendon and each of the calf muscles as described below.

For the Achilles tendon, the US probe was positioned perpendicular to the skin and
longitudinally over the Achilles tendon at 10% of the length of the leg, near its insertion at the
calcaneal tuberosity (Chino & Takahashi, 2015; Lima et al., 2017). A gel pad (Hill Laboratories®)
was used between the skin and the transducer to obtain acoustic coupling without exerting extra
pressure on the skin surface (Figure 1 A). Nine regions of interest (ROIs) in a circular format, each
measuring 3 mm in diameter, were manually positioned along the tendon for each collected image
(Figure 2 A). The total stiffness (kPa) of the Achilles tendon was obtained using the mean of the

nine ROIs and the three images.
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Figure 1: Transducer positioning for the SWE evaluation of Achilles tendon and calf muscles. A,

Medial and lateral

gastrocnemius

evaluation of the Achilles tendon., using a PAD for better coupling with the skin; B, evaluation of the soleus
muscle; C, evaluation of the medial and lateral gastrocnemius. The center of the muscles previously

visualized in a transverse image at this region.

For the calf muscles, the US probe was positioned perpendicular to the skin and
longitudinally to the muscle fibers at 50% of the distance between the popliteal crease and the
lateral malleolus for the soleus (Figure 1 B), and 30% of the distance between the popliteal crease
and the lateral malleolus for the medial and lateral gastrocnemius muscles (Figure 1 C). The US
probe was covered with water-soluble transmission gel. Thirty ROIs in a circular format, each 3
mm in diameter, were manually positioned as follows: a) 10 measurements in the superficial region
of the muscles, adjacent but not touching the superficial aponeurosis (superficial layer) (Figure 2
B); b) 10 measurements in the intermediate region of the muscles (middle layer) (Figure 2 B); and

c) 10 measurements in the deep region of the muscles, adjacent but not touching the deep
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aponeurosis of the muscle (deep layer) (Figure 2 C). Our US equipment limited the distribution
to 20 ROIs at a time, therefore we needed to divide the muscle evaluation into two stages. The
stiffness (kPa) of the superficial, middle, and deep layers of the soleus, medial gastrocnemius, and
lateral gastrocnemius was obtained separately by averaging the 10 ROIs collected for each layer
across three different images. The total stiffness (kPa) of the soleus, medial gastrocnemius, and

lateral gastrocnemius was obtained by averaging the 30 ROIs from the three images obtained.

Figure 2: SWE image of the Achilles tendon and medial gastrocnemius muscle, demonstrating the
distribution of region of interests (ROI)s during the examination: A, Image of the Achilles tendon
demonstrating the distribution of 9 ROIs of 3 mm along the tendon; B, Image of the medial gastrocnemius
muscle demonstrating the distribution of 20 ROIs of 3 mm, with 10 bordering the superficial aponeurosis
(“a”, superficial layer) and 10 in the central region of the muscle (“b” middle layer); C, Image of the medial
gastrocnemius muscle, demonstrating the distribution of 10 ROIs bordering the deep aponeurosis (“c” deep

layer).

Sample size

A posteriori sample size calculation was conducted using the Eta-partial square value (°)

of the group-by-layer interaction for soleus stiffness (n> = 0.22) obtained after data collection of
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42 subjects. In G*Power software, we used repeated-measures ANOVA, within-between
interaction, with the following parameters: effect size f = 0.53 (obtained using > = 0.22); level of
significance = 0.05; power = 99%; number of groups = 4 (MT x FT x MC x FC); number of
measurements = 3 (superficial x middle x deep). The G*Power software used the effect size index
(f) for this analysis. The effect size f was directly calculated from the n? through the following
formula: f = p n?/(1—n?%). The analysis indicated that a total sample size of 24 participants would

be sufficient for the study.

Statistical Analysis

Data were analyzed using SPSS (Statistical Package for Social Sciences) version 26.0.
Descriptive statistics consisted of means and standard deviation for continuous variables and
frequencies and percentages for categorical variables. Data normality was tested using the Shapiro-
Wilk test, while homogeneity of variances was tested using Levene’s test. Participant’s
characteristics were compared using one-way ANOVA (continuous variables with parametric
distribution), Kruskal-Wallis’s test (continuous variables with non-parametric distribution), Chi-
square test (categorical variables) and Fisher’s Exact test (categorical variables). Between-group
differences regarding total stiffness for the Achilles tendon, soleus, medial gastrocnemius, and
lateral gastrocnemius were calculated using General Linear Models (parametric data) and
Generalized Linear Models (non-parametric data). Differences in stiffness according to layers were
calculated using Generalized Estimation Equations. Group (male triathletes x male controls x
female triathletes x female controls) was used as independent factor, layer (superficial, middle,

and deep) as the repeated factor, and the stiffness, of the soleus, medial gastrocnemius, and lateral
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gastrocnemius muscles as dependent variables. General data that were different between groups
were entered as covariates in the model. Bonferroni’s post hoc was used to make pairwise

comparisons. A statistical significance level of p < 0.05 was used.

RESULTS

General data

Participants presented a mean age of 39.23 (7.00) years, body mass of 70.60 (13.14) kg,
height of 169.23 (8.86) cm, and BMI of 24.53 (3.44) kg/m?. Between-group differences were found
for body mass (p < 0.001), height (p < 0.001), and BMI (p = 0.006). As expected, men were taller
and had a higher body mass than women. Specifically, in relation to body mass and height,
differences were found between male triathletes and female triathletes (mean difference (MD) =
19.49, 95% CI 7.74 — 31.21, p < 0.001; MD = 14.89, 95% CI 6.98 — 2.77, p < 0.001), male
triathletes and female controls (MD = 11.78, 95% CI 0.04 — 23.51,p = 0.049; MD = 13.53, 95%
CI5.62 — 21.41, p <0.001), male controls and female triathletes (MD = 22.95, 95% CI 11.21 —
34.68, p < 0.001; MD = 10.59, 95% CI 2.68 — 18.47, p = 0.004), and male controls and female
controls (MD = 15.25, 95% CI 3.51 — 26.98, p = 0.005; MD = 9.22, 95% CI 1.32 — 17.11, p =
0.015). Difterences in BMI were found only between male controls and female triathletes (MD =
5.04, 95% CI 1.33 — 8.74, p = 0.003). Additionally, the VISA-A score, reflecting ankle function,
showed no significant differences between the groups (p = 0.734). Regarding physical activity,
male participants predominantly engaged in triathlon and weight training, while female
participants reported a more varied activity profile, including cycling, Pilates, and other activities

(p=0.079). Notably, both male and female triathletes, in their majority, reported engaging in some
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complementary physical activity, which provides important support for triathlon practice (Table

1.

Table 1. Anthropometric characteristics, ankle function, and physical activity profile (n=42)

MT (n=10)  MC (n=10) FT (n=11) FC (n=11) p*

Age,y 39.60 (5.21)  39.40(8.97)  40.63 (6.28)  37.36(7.67)  0.753
Body mass, kg 77.96 (7.88)  81.43 (11.32)  58.48(7.59)  66.18 (11.17)  <0.001*
Height, cm 177.70 (9.51)  173.40 (4.50) 162.81 (4.72) 164.18 (6.17) <0.001*
BMI, kg/m? 24.75(2.48)  27.03 (3.16) 21.99 (2.03) 24.60 (4.06)  <0.05*
VISA-A, 0 - 100 98,5 (3,17) 99,1 (2,84) 99,4 (1,50) 99 (3) 0,734
Physical activity 0,079

Only triathlon 2 (20%) 0 (0%) 1 (9,1%) 0 (0%)

Weight training 7 (70%) 4 (40%) 5 (45%) 6 (54,5%)

Functional training 1 (10%) 1 (10%) 1(9,1%) 0 (0%)

Cycling 0 (0%) 3 (30%) 0 (%) 0 (0%)

CrossFit 0 (0%) 0 (0%) 0 (%) 2 (18,2%)

Others 0 (0%) 2 (20%) 4 (36,8%) 3 (27,3%)

BMI, Body Mass Index; MT, Male triathletes; MC, Male controls; FT, Female triathletes; FC, Female controls.

*Significant between-group differences (p<0.05).

Triathlon Experience, Training, and Competition Characteristics

In relation to triathlon experience, 70% of male triathletes and 72.7% of female triathletes

reported practicing triathlon for 1 to 5 years, while 30% of male triathletes and 27.3% of female

triathletes had been practicing for 6 to 10 years. Significant differences were not observed between

the groups regarding triathlon experience (p = 0.999). Regarding weekly running volume, 80% of

male triathletes reported running more than 35 km per week, while 63.4% of female triathletes ran

less than 35 km per week, with no significant difference between groups (p = 0.080). However,

running speed was significantly different between male and female triathletes, with men running

at a mean speed of 13.10 (1.38) km/h, compared to 11.19 (0.63) km/h for women (p < 0.001). The
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number of races completed also varied between groups, but these differences were not statistically

significant (p = 0.130) (Table 2).

Table 2. Experience, training, and competition characteristics in the triathletes (n=21)

MT (n=10) FT (n=11) p*
Experience, years
One to five 7 (70%) 8 (72,7%) 0,999
Six to ten 3 (30%) 3(27,3%)
Running volume, km/week
Less than thirty-five 2 (20%) 7 (63,4%) 0,080
More than thirty-five 8 (80%) 4 (36,4%)
Running speed, km/h 13,10 (1,38) 11,19 (0,63) <0,001*
Number of races
One to five 3 (30%) 2 (18,2%) 0,130
Six to ten 3 (30%) 8 (72,7%)
More than ten 4 (40%) 1 (9,1%)
Target race
Sprint triathlon 1 (10%) 2 (18,2%) 0,999
Olympic triathlon 1 (10%) 0 (0%)
[ronman 70.3 6 (60%) 5 (45,4%)
Full Ironman 0 (0%) 1(9,1%)
Olympic triathlon and Ironman 70.3 1 (10%) 1(9,1%)
Ironman 70.3 and Full Ironman 1 (10%) 1(9,1%)
Sprint triathlon and Olympic triathlon 0 (0%) 1(9,1%)

MT, Male triathletes; FT, Female triathletes. *Significant between-group differences (p<0.05).

History of Ankle/Foot and Knee Pain and Injury Diagnosis

Regarding ankle/foot pain, 30% of male triathletes and 18.2% of female triathletes reported

experiencing regular pain (at least once a month), while the majority of participants in the control

groups reported rare or no occurrences of ankle/foot pain (p = 0.784). Diagnosis of ankle injuries

varied, with plantar fasciitis being the most common diagnosis among male triathletes (30%),

while no female controls reported this condition. Achilles tendinopathy was reported by 20% of
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both male triathletes and male controls, and by 18.2% of female triathletes. Knee pain was more
common among female participants, but no statistically significant differences were found

between groups (p = 0.554) (Table 3).
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Table 3. History of ankle/foot and knee pain and injury diagnosis in participants (n=42)

MT (n=10)  MC (n=10) FT (n=11) FC (n=11) p*
Have you ever experienced ankle/foot pain? 0,784
Yes, regularly (at least once a month) 3 (30%) 2 (20%) 2 (18,2%) 1(9,1%)
Yes, rarely (less than once a month) 4 (40%) 3 (30%) 6 (54,5%) 4 (36,4%)
No, | have never felt pain 3 (30%) 5 (50%) 3 (27,3%) 6 (54,5%)
Do you have a diagnosis of an ankle/foot injury? 0,052
I have never undergone medical evaluation 4 (40%) 3 (30%) 2 (18,2%) 3 (27,3%)
I have never felt ankle pain 0 (0%) 5 (50%) 2 (18,2%) 6 (54,5%)
Achilles tendinopathy 2 (20%) 2 (20%) 2 (18,2%) 0 (0%)
Calcaneal spur 0 (0%) 0 (0%) 0 (0%) 1(9,1%)
Plantar fasciitis 3 (30%) 0 (0%) 2 (18,2%) 0 (0%)
Ankle sprain 0 (0%) 0 (0%) 0 (0%) 1(9,1%)
Plantar fasciitis and calcaneal spur 0 (0%) 0 (0%) 1(9,1%) 0 (0%)
Other 1 (10%) 0 (0%) 2 (18,2%) 0 (0%)
Have you ever experienced knee pain? 0,554
Yes, regularly (at least once a month) 0 (0%) 0 (0%) 1(9,1%) 2 (18,2%)
Yes, rarely (less than once a month) 5 (50%) 3 (30%) 6 (54,5%) 5 (45,5%)
No, I have never felt pain 5 (50%) 7 (70%) 4 (36,4%) 4 (36,4%)
Do you have a diagnosis of a knee injury? 0,772
I have never undergone medical evaluation 2 (20%) 2 (20%) 3 (27,3%) 5 (45,5%)
I have never felt knee pain 4 (40%) 5 (50%) 4 (36,4%) 4 (36,4%)
Chondropathy 1 (10%) 0 (0%) 2 (18,2%) 0 (0%)
Ligament injuries 1 (10%) 1 (10%) 0 (0%) 0 (0%)
Patellar tendinopathy 0 (0%) 0 (0%) 0 (0%) 1(9,1%)
Meniscus injuries 0 (0%) 0 (0%) 1(9,1%) 1(9,1%)
Other 2 (20%) 2 (20%) 1(9,1%) 0 (0%)

MT, Male triathletes; MC, Male controls; FT, Female triathletes; FC, Female controls. Values are presented as n (%). *Significant between-group differences (p<0.05).
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Menstrual Cycle and Contraceptive Use in Female Participants

Among the female participants, 90.9% of female triathletes reported having a regular menstrual
cycle (21 to 35 days), compared to 54.5% of female controls, while 18.2% of female controls reported
being in menopause (p = 0.282). The use of contraceptive methods differed significantly between the
groups (p < 0.001), with 63.6% of female triathletes using condoms as their primary contraceptive
method, whereas 45.5% of female controls reported not using any contraceptive methods. Additionally,
most participants (72.7% in both groups) did not adjust their training routines during their menstrual
periods (p = 0.999) (Table 4).

Table 4. Menstrual cycle characteristics and contraceptive methods among female participants (n=22)
FT (n=11) FC (n=11) p*

Cycle type 0,282
Regular (21-35 days) 10 (90,9%) 6 (54,5%)
Irregular (more than 35 days) 0 (0%) 1(9,1%)
Amenorrhea 1(9,1%) 2 (18,2%)
Menopause 0 (0%) 2 (18,2%)
Contraceptive methods <0,001*
Condoms only 7 (63,6%) 0 (0%)
| do not use contraceptive methods 0 (0%) 5 (45,5%)
Copper IUD (Intrauterine Device) 3 (27,3%) 1(9,1%)
Hormonal 1UD (Intrauterine Device) 0 (0%) 3 (27,3%)
Birth control pill with pause 0 (0%) 1(9,1%)
Continuous-use birth control pill 1 (9,1%) 1(9,1%)
Adjustments to training during the menstrual period
| do not make adjustments 8 (72,7%) 8 (72,7%) 0,999
| reduce the intensity or partially stop training 3 (27,3%) 3 (27,3%)

FT, Female triathletes; FC, Female controls. Values are presented as n (%). *Significant between-group differences
(p<0.05).
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Intra-Examiner Reliability

In the present study, the intra-examiner reliability of the shear wave elastography (SWE) data
for calf muscles and Achilles tendon stiffness was evaluated. The reliability was assessed using the
Intraclass Correlation Coefficient (ICC) based on a two-way random effects model with absolute
agreement. The principal investigator performed three repeated evaluations of the calf muscles and
Achilles tendon stiffness in 28 participants (both sexes) at different time intervals. These measurements
were made following the same standardized procedure for each evaluation. The ICC values were
calculated to assess the consistency of measurements across the three time points, and results showed
high reliability, demonstrating consistency in the elastography assessments across multiple sessions

(Table 5).

Table 5. Intraclass Correlation Coefficient (ICC) for Achilles tendon and calf muscle stiffness. (n=28)

Structure ICC 95% CI1 Classification
Achilles tendon 0.818 0.663 — 0.909 High
Soleus 0.775 0.578 — 0.888 High
Medial gastrocnemius 0.918 0.846 —0.959 Very High
Lateral gastrocnemius 0.937 0.882 - 0.969 Very High

Intraclass Correlation Coefficient (ICC), ICC refers to Intraclass Correlation Coefficient, and 95% CI represents the 95%
Confidence Interval.

Between-group differences in the overall stiffness of the Achilles tendon and calf muscles

No between-group differences were found for the overall stiffness of the Achilles tendon, and
for the soleus, medial, and lateral gastrocnemius muscles measured through SWE (all p > 0.05) (Figure

3A-D).
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Figure 3. Between-group differences in the overall stiffness of the Achilles tendon and calf muscles. A, Mean
(SD) for stiffness (kPa) of the Achilles tendon; B, Mean (SD) for stiffness (kPa) of the soleus muscles; C, Mean
(SD) for stiffness (kPa) of the medial gastrocnemius muscles; D, Mean (SD) for stiffness (kPa) of the lateral
gastrocnemius muscles; MC, male controls; MT, male triathletes; FC, female controls; FT, female triathletes. No

statistically significant differences were found (p > 0.05).

Between-group differences in the superficial, middle and deep layers stiffness of the calf muscles

A significant group-by-layer interaction was found (p < 0.001). In the soleus muscle, the
stiffness of the superficial layer was greater in the male control group compared to female triathletes
(MD =6.13, 95% CI 1.18 — 11.08, p = 0.002). Also, the middle layer was greater in the male control
group compared to the male triathletes (MD = 3,07, 95% CI 0,18 — 5,96, p = 0.023), and female
triathletes (MD = 3,05, 95% CI 0.13 — 5.96, p = 0.028). Finally, the deep layer was greater in male
controls compared to female triathletes (MD = 3.60, 95% CI 0.45 — 6.74, p = 0.008). (Figure 4 A, B

and C, respectively). No significant differences were found in the other muscles.
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Figure 4. Between-group differences in the superficial, middle, and deep layers stiffness (kPa) of the soleus,
medial, and lateral gastrocnemius muscles. A, Stiffness in the superficial layer of the soleus muscle; B, Stiffness
in the middle layer of the soleus muscle; C, Stiffness in the deep layer of the soleus muscle; D, Stiffness in the
superficial layer of the medial gastrocnemius muscle; E, Stiffness in the middle layer of the medial gastrocnemius
muscle; F, Stiffness in the deep layer of the medial gastrocnemius muscle; G, Stiffness in the superficial layer of
the lateral gastrocnemius muscle; H, Stiffness in the middle layer of the lateral gastrocnemius muscle; I, Stiffness
in the deep layer of the lateral gastrocnemius muscle. MC, male controls; MT, male triathletes; FC, female

controls; FT, female triathletes; a, Significant difference of male controls (p < 0.05).
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Within-group differences in the superficial, middle, and deep layers stiffness of the calf muscles

A significant group-by-layer interaction was found for all calf muscles (p < 0.001). In the soleus
muscle, for male triathletes, stiffness was greater in the superficial layer compared to the middle (MD
=6.25,95% CI 2.45 -10.05, p <0.001) and deep layers (MD = 7.68, 95% CI 3.64 — 11.72, p < 0.001)
(Figure 5 B). For male controls, stiffness was greater in the superficial layer compared to the middle
(MD = 6.54, 95% CI 2.35 — 10.73, p < 0.001) and deep layers (MD = 8.03, 95% CI1 2.63 — 13.42, p <
0.001) (Figure 5 A). For female triathletes, the superficial layer was stiffer than the middle (MD = 3.46,
95% C10.71 — 6.21, p = 0.001) and deep layers (MD = 5.49, 95% CI 3.41 — 7.58, p < 0.001), with the
middle layer also greater than the deep layer (MD = 2.03, 95% CI 0.18 — 3.87, p = 0.014) (Figure 5

D).

In the medial gastrocnemius muscle, for all groups, the stiffness in the superficial layer was
greater than the middle layer (MT: MD = 10.11, 95% CI 3.14 — 17.08, p < 0.001, MC: MD =4.52, 95%
CI 1.84 —7.19,p <0.001, FT: MD = 6.05, 95% CI 1.83 — 10.27, p < 0.001, FC: 5.64, 95% CI 1.75 —
9.53,p <0.001) (Figure 5 E-H). Additionally, for male triathletes, male controls, and female controls,
the stiffness in the superficial layer was greater than in the deep layer (MT: MD = 7.78, 95% CI 0.90 —
14.66, p =0.009, MC: MD =4.06, 95% CI1 0.96 — 7.15,p =0.001, FC: MD =4.18, 95% C1 0.42 — 7.95,
p =0.012) (Figure S E—G). The deep layer was also greater than the middle layer for male triathletes,
female triathletes, and female controls (MT: MD = 2.32, 95% CI 1.35 — 3.29, p < 0.001, FT: MD =

3.24,95% CI1 0.64 — 5.83, p=0.002, FC: MD = 1.45, 95% C1 0.45 — 2.45, p <0.001) (Figure S F—H).

For the lateral gastrocnemius muscle, the superficial layer was stiffer than the middle layer in male

controls (MD = 3.83, 95% CI 1.88 — 5.79, p <0.001), female triathletes (MD = 3.18, 95% CI 1.80 —
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4.56, p <0.001), and female controls (MD = 3.88, 95% CI 1.49 — 6.26, p <0.001) (Figure 5 I-L). The

superficial layer was also stiffer than the deep layer for male controls (MD = 3.43, 95% CI 1.35 —
5.51, p<0.001), and female controls (MD = 2.81, 95% CI 0.10 — 5.52, p = 0.030) (Figure 5 I, K).
Differences between the middle and deep layers were found only for female controls, with the deep

layer showing greater stiffness compared to the middle layer (MD= 1.06, 95% CI 0.09 —2.03, p =

0.014) (Figure 5 K).
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Figure 5. Within-group differences in the superficial, middle, and deep layers stiffness (kPa) of the soleus,

medial gastrocnemius, and lateral gastrocnemius muscles. A, Soleus of male controls; B, Soleus of male

triathletes; C, Soleus of female controls; D, Soleus of female triathletes; E, Medial gastrocnemius of male
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controls; F, Medial gastrocnemius of male triathletes; G, Medial gastrocnemius of female controls; H, Medial
gastrocnemius of female triathletes; I, Lateral gastrocnemius of male controls; J, Lateral gastrocnemius of male
triathletes; K, Lateral gastrocnemius of female controls; L, Lateral gastrocnemius of female triathletes. SL,
Superficial layer; ML, Middle layer; DL, Deep layer. a, Significant difference of superficial layer (p < 0.05); b,

Significant difference of middle layers (p < 0.05).

DISCUSSION

In this study, we investigated the stiffness of the Achilles tendon and calf muscles in triathletes
compared to healthy, physically active individuals. While overall stiffness showed no significant
differences between groups, a more nuanced analysis revealed layer-specific variations in muscle
stiffness. Male and female triathletes showed different patterns of muscle layer stiffness compared to
their respective control groups. Within each group, the superficial layer generally exhibited greater
stiffness than the middle and deep layers across all muscles studied. The practice of triathlon does not
appear to alter overall Achilles tendon and calf muscle stiffness, but may influence specific muscle

layers differently.

Regarding the characteristics of our participants, no significant differences were found in
triathlon experience, training volume, or injury history between male and female triathletes. Both
groups had similar levels of experience and training intensity, with comparable reports of ankle, foot,
and knee pain across groups. These findings suggest that triathlon training in this sample did not
increase the risk of lower limb injuries. Additionally, no notable differences were observed between
female triathletes and controls in terms of menstrual regularity, although contraceptive use did differ

significantly, with triathletes predominantly using condoms. This variation in contraceptive methods
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may reflect differences in health management practices, but its impact on performance and tendon

stiffness remains unclear.

Our findings indicate that there were no significant differences in the overall stiftness of the
Achilles tendon and calf muscles between triathletes and physically active participants. These results
are consistent with recent research in the field. For instance, Sukanen et al., (2024) studied athletes
from various sports, including soccer, ice hockey, basketball, track and field, and gymnastics, and found
no statistically significant differences in Achilles tendon and calf muscle stiffness across most variables,
such as lower limb injury history, sports specialization, sex, and leg dominance. Similarly, Avrillon et
al., (2020) compared elite athletes from diverse sports (including sprint running, figure skating, fencing,
field hockey, tackwondo, basketball, and soccer) to healthy active controls. They found no differences
in stiffness for the semitendinosus and biceps femoris muscles, further supporting our observation that

overall muscle stiffness may not significantly vary across different athletic modalities.

These results suggest that high-intensity, long-duration physical activities like triathlon may not
significantly increase the stiffness of the Achilles tendon and calf muscles. In contrast, sports involving
jumping, directional changes, and explosive movements tend to enhance stiffness in these structures.
Romer et al., (2023) and Sacks et al., (2021), demonstrated that sports like volleyball, handball, and
tennis, which involve high-impact loads and mechanical tension, increase the stiffness of the Achilles
tendon and gastrocnemius muscle. They evaluated these structures passively in positions similar to
those used in our study. The higher impact loads and mechanical tension in these sports likely contribute

to the increased stiffness. Conversely, endurance activities may maintain or reduce Achilles tendon
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stiffness, as observed by Four¢ et al., (2022), and Gonzalez et al., (2024) in long-distance runners. This

suggests that lower tendon stiffness might be advantageous for sports involving prolonged running.

Regardless of the study group, we did not find significant differences in the stiffness of the
Achilles tendon and calf muscles between sexes. These results corroborate with previous studies, such
as those by Avrillon et al., (2020), and Wakker et al., (2018), which also found no differences in Achilles
tendon stiffness between men and women. Similarly, Chino & Takahashi., (2016) and, Sukanen et al.,
(2024) reported no significant differences in the stiffness of the gastrocnemius muscles when
comparing male and female athletes from various sports, as well as healthy adults. It is suggested that
women may exhibit greater elasticity in some muscles and tendons due to hormonal variations (Souron
et al., 2016). Female hormones may influence the morphology of tendons and muscles during the
menstrual cycle, particularly around the days immediately before and after menstruation (Sakamaki-
Sunaga et al., 2016, Oosthuyse & Bosch, 2010). Our study controlled for the menstrual cycle phase of
the female participants by conducting assessments outside this period, which may explain the lack of

significant differences in stiffness between sexes in our findings.

Our study showed significant interactions between groups and muscle layers, with notable
differences between triathletes and healthy controls, as well as among the superficial, middle, and deep
layers of the calf muscles. These findings align with the heterogeneous arrangement of muscle fibers
reported by Gillies & Lieber, (2011), which results in varying mechanical properties across muscle
layers. The observed differences in muscle stiffness can be attributed to the distinct morphology of each
layer: the superficial layer consists of longer, thinner fibers, while the deep layer contains shorter and

thicker fibers (Csapo et al., 2020b). Additionally, the composition and organization of the muscle
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membranes (epimysium, perimysium, and endomysium) contribute to these variations. The epimysium,
rich in rigid type I collagen, contrasts with the more flexible type III collagen found in the perimysium
and endomysium (McLoon et al., 2018). This structural diversity may explain the higher stiffness
values observed in superficial layers compared to middle and deep layers, highlighting the complex

relationship between muscle architecture and mechanical properties (Csapo et al., 2020b; Kjar, 2004b).

Several studies have shown that tendons affected by tendinopathy typically exhibit lower
stiffness compared to healthy tendons due to structural and degenerative changes (Atik et al., 2024;
Chen et al., 2022; Romero et al., 2020). However, our findings, which show no statistically significant
differences in overall Achilles tendon and calf muscle stiffness between triathletes and controls, suggest
that triathlon, despite its high-intensity and high-volume nature, does not negatively impact tendon

stiffness.

Our study is pioneer in using SWE to assess muscle stiffness across 30 ROIs of 3 mm,
distributed in the superficial, middle, and deep layers, revealing significant differences between groups
and providing valuable insights into muscle and tendon adaptations to training. This innovative method
can be applied in various contexts in future studies, such as investigating stiffness distribution in
different muscle regions during maximal voluntary contractions (MVC) at various ankle angles, or
evaluating stiffness changes following acute overloads, like intense training, and chronic overloads,
such as at the end of the season, as indicated in previous studies (Avrillon et al., 2020; Dirrichs et al.,

2019; Domenichini et al., 2017; Siu et al., 2016; Sukanen et al., 2024).

Another significant advancement was the evaluation of triathletes of both sexes using SWE, as

most previous studies with athletes focused on more homogeneous and predominantly male
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populations. This study controlled the menstrual cycle of the female participants, ensuring that
assessments were not conducted five days before, during, or five days after the menstrual period in
eumenorrheic women (Oosthuyse & Bosch, 2010; Sakamaki-Sunaga et al., 2016). This represents a
notable improvement, considering the limited knowledge of how different sports affect the female body.
Studies by Avrillon et al., (2020) and McLoon et al., (2018) emphasize the importance of considering

sex differences when evaluating tissue adaptations in athletes.

Some limitations should be acknowledged. The US equipment that was used has a limited
stiftness measurement range (0—300 kPa). For some participants, we reached this upper limit in several
ROIs, suggesting that the actual stiffness may have exceeded the maximum measurable value.
Additionally, our triathlon sample was diverse in terms of race type (sprint, Olympic, 70.3, and
Ironman), training volume, and other specific variables. While reflective of the broader triathlon
population, this heterogeneity may have introduced variability in our results. Similar challenges in

sample composition have been noted by Siu et al., (2016).

Longitudinal studies that evaluate participants at different training phases, such as post-
competition and after acute intense training sessions, and assess tendon and muscle stiffness in various
ankle positions, including relaxed, dorsiflexed at 90°, and during maximal voluntary isometric
contraction, are essential to understanding the nuanced acute and chronic adaptations in triathletes
(Awvrillon et al., 2020; Siu et al., 2016). These assessments are essential because tendon and muscle
stiffness can vary significantly depending on the training phase and ankle position, providing valuable
insights into the athlete's readiness and injury risk (Payne et al., 2018; Sukanen et al., 2024).

Additionally, assessing athletes with varied training profiles and race types to clarify their influence on
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tissue stiffness. Future studies could also focus on the association between muscle stiffness and injury

incidence, using SWE as a continuous monitoring tool during training and competition cycles.

CONCLUSION

Our results indicate that triathlon practice may not lead to significant differences in overall
tissue stiffness compared to other types of physical activity. However, a detailed analysis of the muscle
layers revealed important differences between the superficial, middle, and deep layers of the calf
muscles. These findings highlight the importance of a segmented approach in muscle assessment using

SWE, providing an understanding of specific adaptations to different physical stimuli, such as triathlon.
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IMPACTOS PRATICOS DOS ACHADOS PARA A SOCIEDADE

Os achados deste estudo contribuem para um entendimento mais aprofundado das
adaptacbes musculotendineas em triatletas de diferentes niveis de rendimento, com foco nas
estruturas do triceps sural e do tenddo de Aquiles. Embora a maior parte das varidveis medidas ndo
tenha apresentado diferencas significativas entre os grupos, os dados fornecem insights valiosos
sobre as caracteristicas morfologicas teciduais desses atletas e a relagdo com o treinamento e

competicdes.

A utilizacdo da elastografia por onda de cisalhamento mostrou-se uma ferramenta Util e
promissora para a avaliacdo ndo invasiva das propriedades musculotendineas, reforcando seu
potencial para investigacdes futuras em contextos esportivos e clinicos. Essa metodologia pode ser
incorporada em avaliacBes praticas para monitoramento de atletas, ajudando na identificacdo

precoce de alteracOes que possam indicar risco de lesdes.

O impacto deste trabalho, embora de abrangéncia local e regional, reflete a importancia de
investigacOes detalhadas em populagtes especificas como triatletas. A aplicabilidade dos métodos
é considerada média, dado que os resultados podem ser replicados em outros contextos com
recursos semelhantes. A complexidade é considerada média, pois 0s métodos exigem integracao
de conhecimentos especializados em fisiologia e morfologia musculotendinea, além de

conhecimentos de ultrassonografia.

Por fim, a inovacdo esta no uso direcionado de ferramentas diagndsticas para investigar

aspectos especificos da plasticidade musculotendinea em triatletas, um tema ainda pouco
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explorado. Apesar das limitaces, este estudo fortalece a base cientifica para avancos futuros no

campo da reabilitacdo e prevencdo de lesbes no esporte.
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Rita de Cassia Marqueti Jodo Luiz Q. Durigan  Regina Recalde da Fonseca Cotrim
Coordenadora do Coordenador do Professora
LAM LaPlast Responsavel
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4. Ministrante Curso de Extensao.

"~
Universidade de Brasilia

Decanato de Extensdo
Secretaria de Administragdo Académica

CERTIFICADO DE EXTENSAQ

Certificamos que, O(A) DISCENTE ESTEVAO SOUZA DINIZ, MATRICULA 222101050,
participou do curso de extensao BASES FILOSOFICAS E FISIOLOGICAS DA MEDICINA
TRADICIONAL CHINESA., promovido pelo(a) FACULDADE DE CEILANDIA, na fungao de

MINISTRANTE, com 4 hora(s) de atividades desenvolvidas. A atividade foi realizada no
periodo de 12 de Junho de 2024 a 12 de Junho de 2024.

Brasilia, 26 de Agosto de 2024
OLGAMIR AMANCIA FERREIRA

Decana de Extensao

Cadigo de verificacao: 4e1b4bbc45
Numero do Documento: 1907078

Para verificar a autenticidade deste documento acesse https://sig.unb.br/sigaa/documentos/ e utilize o link Extensao >~ Certificado de
Participante como Membro da Equipe de Acao de Extensao, informando o nimero do documento, data de emissao do documento e o codigo
de verificacao.
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5. Ministrante de palestra no Simpdsio de Fisioterapia da UnB

Certificado

DE PARTICIPACAO

Estevao Diniz - 011.474.031-39

Ministrou a aula sobre “"Definicdes, contexto e aplicagdes
praticas no universo do esporte - Do alto rendimento ao
esporte amador”, no simposio de fisioterapia na
Universidade de Brasilia no dia 28/05/2024 com carga
horaria de 10 horas.

_Sophie Velmondes

Sophia Delmondez de Almeida
Coordenadora geral do CaFisio
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6. Apresentacdo de trabalho no 1V Seven International Congress Of Health.

/4

IV SEVEN INTERNATIONAL
CONGRESS OF HEALTH

A Seven Publicacdes Ltda. certifica que:

O Resumo Expandido infitulado “ADAPTACOES MUSCULOTENDINEAS INDUZIDAS PELO
TREINAMENTO E COMPETICOES EM TRIATLETAS DE ALTO E BAIXO RENDIMENTO", foi
apresentade durante o IV SEVEN INTERNATIONAL CONGRESS OF HEALTH em
MODALIDADE ORAL, organizado pela Seven Publicacdes Lida. em parceria com o
IEMS - Polo ltupeva - Uniasselvi, nos dias 27 & 28 de maio de 2024, com uma duracdo
de 60 horas.

Autores: Estevao de Souza Diniz, Leandro Gomes de Jesus Ferreira, Pedro Bainy Franz,
Jeam Marcel Geremia, José Roberto de Souza Junior, Fernando Diefenthaeler,
Marco Aurelio Vaz, Rodrigo Scattone da Silva, Jodo Luiz Quagliotti Durigan e Rita de
Cassia Marqueti.

Curitiba, 29 de maio de 2024,

EM PARCERIA COM;

Nathan Albano Valente UNIASSELVI
CEOQ Seven Fublicagdes Lidao GRADUACAD € PGS
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7. Publicagdo do Resumo no IV Seven International Congress Of Health

The Seven Publicaghes Ltda., registered under CHPJ 43,784,355/ 0001-04 in partnership with IEMS - Pola
Ttupeva - Uniasselvi, declares that the article "Musculotendinous adaptations induced by training
and competitions in high and low performance triathletes" was published in the IV SEVEN
INTERNATIONAL CONGRESS OF HEALTH.

ISEN Registration: g78-65-6109-011-7

Authors whe contributed to the paper: Estevdo de Souza Diniz, Pedro Boiny Franz, Leandro Gomes de
Jesus Ferveira, Jeam Marcel Geremia, José Roberto de Souza Junior, Fernando Digfenthaeler, Marco
Aurelio Vaz, Redrigo Scattone da Silva, Jodo Luiz Quaglioni Durigan, Rita de Odssia Marquetii,

Publication link: hitps://sevenpublicacoes com_bw/anaisz/article /viewy/ 5006

DO hetps: /i dolorg /1o, 560238 homel Vsevenhealth-088

I hereby confirm this declaration.

Sao José dos Pinhais, Brazil

July o, zoog.
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