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PREFACIO

De acordo com as normas estabelecidas pelo Colegiado do Programa de Pds-

Graduacao em Ciéncias da Reabilitacdo da UFMG, a estrutura deste trabalho é
composta por trés partes. A primeira parte € composta por uma introducéo,
com o objetivo de apresentar a revisdo bibliografica sobre o tema, a
problematizacdo e a justificativa do estudo, bem como pela descricao
detalhada de toda a metodologia utilizada. A segunda parte € composta por um
artigo em que os resultados e a discussdo sao apresentados, redigidos de
acordo com as normas adotadas pela American Medical Association Manual of
Style, 92 edi¢do, preconizadas pelo periddico para o qual este trabalho sera
posteriormente enviado para publicagdo (Journal of Orthopaedic & Sports
Physical Therapy -JOSPT). Por fim, na terceira parte do trabalho, s&o
apresentadas as consideracbes finais relacionadas aos resultados

encontrados.
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RESUMO

O aumento do valgismo dindmico do joelho esta relacionado com lesdes dos
membros inferiores em atletas, como ruptura do ligamento cruzado anterior
(LCA), sindrome patelofemoral e tendinopatia patelar. A redugao da for¢ca dos
musculos da articulacdo do quadril tem sido relacionada ao aumento da
excursdo do joelho no plano frontal. Além disso, atletas que apresentam
pronagao excessiva da subtalar realizam maior valgismo do joelho. Entretanto,
a interdependéncia da biomecéanica dos segmentos distais e proximais da
cadeia cinética dos membros inferiores tem sido pouco investigada. Dessa
forma, o objetivo do presente estudo foi analisar como os fatores preditores
para a ocorréncia do aumento do valgismo dinamico do joelho se interagem
durante atividades funcionais. Para tanto, foram avaliados 227 atletas durante a
avaliagao pré-temporada do Minas Tenis Clube. O valgismo dinamico do joelho
(variavel depende) foi operacionalizado como angulo de projeg¢ao frontal do
joelho (APFJ). As variaveis independentes foram: torque isométrico abdutor do
quadril; ADM passiva de rotacdo interna do quadril e o alinhamento tibia-
antepé. A Arvore de Classificacdo e Regresséo (CART), uma analise estatistica
nao —paramétrica e que captura a relacdo ndo- linear entre as variaveis
independentes foi utilizada para desenvolver as regras de decisdo para os
fatores preditores relacionados aos maiores angulos de projecao frontal do
joelho. Os resultados deste estudo demonstraram que ,durante o
agachamento a ocorréncia de maiores valores do APFJ foi resultado da
interacao entre o torque abductor do quadril e a ADM passiva de Rl do quadril.

Por outro lado, durante a aterrissagem o alinhamento tibia-antepé, juntamente



com o torque abdutor do quadril e a ADM passiva de Rl do quadril foram os
fatores preditores para a ocorréncia de maiores angulos de projecao frontal do
joelho. Além disso, com a utilizacdo da CART foi possivel identificar os pontos
de corte para cada preditor, facilitando o raciocinio clinico do fisioterapeuta
esportivo durante o planejamento de intervengdes preventivas efetivas. Dessa
forma, a avaliacdo pré-temporada de atletas deve incluir a mensuracdo da
forca dos abdutores do quadril, da ADM passiva de Rl do quadril e do

alinhamento tibia-antepé.



ABSTRACT

Excessive dynamic knee valgus has been identified as a contributing factor to
many lower extremity injuries, such as anterior cruciate ligament rupture,
patellofemoral joint pain and patellar tendinopathy. Some factors related to the
hip joint, such as decreased hip abductor strength, have been associated to
increased knee valgus angle. In addition, athletes with excessive foot pronation
have increased frontal plane knee excursion. However, the biomechanical
interdependence of distal and proximal segments of the lower limb kinetic chain
has been poorly investigated. Thus, the purpose of this study was to analyze
how some typical predictors of increased dynamic knee valgus angle interact to
produce altered knee alignment during functional tasks. During preseason, 227
athletes belonging to a sport club were evaluated. The dynamic knee valgus
(dependent variable) was measured as the frontal plane projection angle of the
knee (FPPAK), in two different conditions: single leg squat and landing from
vertical jump. The independent variables were: isometric hip abductor torque,
passive range of motion (ROM) of hip internal rotation (IR) and shank-forefoot
alignment. Classification and Regression Trees (CART), a non-parametric
statistical analysis that incorporates nonlinear relationships between predictors,
was used to develop decision rules to predict the presence of excessive
FPPAK. The results demonstrated that during squat the occurrence of high
FPPAK was due to interaction between hip abductor torque and passive ROM
of hip IR. During landing, the shank-forefoot alignment together with abductor
torque and passive hip IR were the predictors of high FPPAK. In addition, the
CART model identified meaningful cut-off points that classified the sample into

the outcome categories of High and Low-FPPAK. These findings may guide



sports professionals to plan preventive programs and suggest that preseason
assessments must include measurements of hip abductor torque, passive ROM

of hip IR and shank-forefoot alignment.
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Capitulo 1- INTRODUGAO

A incidéncia de lesdes nos membros inferiores (MMII), durante a pratica de
esportes como voleibol, basquetebol e futebol é alta e as regides mais
frequentemente acometidas sé&o o joelho e tornozelo 2 Lesdes como sindrome
patelofemoral (SPF), tendinopatia patelar e ruptura do ligamento cruzado anterior
(LCA) sao as lesdes com maior tempo de afastamento da pratica esportiva e
necessitam maior tempo para recuperacao em relacdo as lesdes de tornozelo
(131%) e em relacdo as lesdes de coluna, quadril e coxa (41%) 3. Além disso, um
maior gasto financeiro esta envolvido no tratamento das lesdes do joelho, sendo que
a lesdo do LCA gera um custo estimado de aproximadamente U$17.000,00 por
atleta *. A alta ocorréncia de lesdes nessa articulacédo parece estar relacionada com
as demandas sobre o sistema musculoesquelético produzidas pelo esporte. Por
exemplo, aproximadamente 63% das lesdes no joelho ocorrem durante o movimento
de impulsao e aterrissagem do salto vertical no voleibol e 43% no basquetebol .
Dessa forma, € necessario um melhor entendimento dos mecanismos envolvidos

nestas lesbes para que o tratamento e as intervengbes preventivas sejam

desenvolvidas de maneira eficiente.

Um dos fatores que podem contribuir para as lesdes na articulagdo do joelho
€ a incapacidade do atleta em manter um bom alinhamento dindmico entre os
segmentos corporais dos membros inferiores (MMII) nos planos frontal e transverso
durante a pratica esportiva ®"°. Hewett et al '° demonstraram que a presenca de
valgismo (momento abdutor) dinamico de joelho € um importante preditor para
ruptura do LCA em atletas'®. Essa alteracdo de alinhamento dinamico impde forgas

rotacionais e de cisalhamento na articulagdo do joelho, gerando aumento da
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sobrecarga no LCA 1 A presenca do valgismo durante os movimentos do membro
inferior pode, também, alterar dinamicamente o alinhamento da patela, o que pode
aumentar a sobrecarga em estruturas como os retinaculos patelares, cartilagem
articular e coxim adiposo e predispor o desenvolvimento de dor anterior no joelho
(Sindrome Patelofemoral)’’ . Além disso, o padrdo de movimento incorreto e,
consequentemente, a alteracdo de alinhamento da patela podem promover um
aumento das forgas de cisalhamento no tendao patelar, favorecendo o surgimento
de tendinopatias patelares12 . Portanto, alteragbes dinamicas da articulagcdo do
joelho associadas a demanda complexa envolvida em esportes como vdlei,
basquete e futebol parecem aumentar a demanda imposta sobre o sistema musculo-
esquelético do atleta, contribuindo para o desenvolvimento de varios tipos de lesdes

e disfungdes na articulagdo do joelho.

O joelho, por ser uma articulagdo intermediaria na cadeia cinematica,
depende do comportamento mecanico adequado do quadril e do tornozelo para
atenuar e distribuir adequadamente as forcas impostas ao sistema musculo-
esquelético durante as atividades esportivas'® . Varias alteragdes cinéticas e
cinematicas nas articulagdes proximais e distais dos MMII podem predispor o atleta
a apresentar um aumento do valgismo dindmico no joelho durante a realizagao de
suas atividades esportivas '*'*'®. Por exemplo, o valgismo dinamico do joelho pode
ser resultado do aumento da rotacio interna e da adug¢ao do fémur e da pronacgao do
pé '®11819 Dyrante a adugdo do quadril, o fémur roda internamente e o joelho é
colocado em posicdo de valgismo %°. Essas alteracdes dinamicas do quadril podem
ocorrer devido a fraqueza dos musculos abdutores e rotadores externos do quadril,

3,20,21

principalmente gluteo médio e maximo Em uma revisdo sistematica, Prins e
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Wurff 2 demonstraram que mulheres com SPF possuem menor forga muscular
dos abdutores, rotadores externos e extensores de quadril no lado afetado quando
comparado com individuos controle??. Além disso, um estudo prospectivo
demonstrou que atletas ndo lesionados apresentaram maior forca dos abdutores e
rotadores externos de quadril do que aqueles que apresentaram lesdes nos
membros inferiores®. Finalmente, Geiser et al > induziram um protocolo de fadiga
especifico para os abdutores de quadril em participantes fisicamente ativos e
concluiram que o joelho encontrava-se em uma posigcdo mais aduzida no plano
frontal, aumentando o valgismo dindmico em atividades funcionais®. Estes estudos
demonstram, portanto, que os movimentos de quadril e, mais especificamente, a
forgca dos musculos abdutores do quadril sédo fatores que parecem influenciar o grau

de valgismo de joelho apresentado por atletas durante as atividades esportivas.

O aumento da excursao do joelho no plano frontal, além de ser influenciado
pela forca dos musculos abdutores de quadril, parece também estar associado a
amplitude de movimento (ADM) disponivel de rotacdo do quadril %
Tradicionalmente, a ADM ¢é avaliada com aplicacdo de um torque externo e assim
essa medida pode ser mais influenciada pela tolerancia do individuo ao
alongamento25 . Tendo em vista essa questdo, se a ADM de rotacao for avaliada de
forma que ela represente a posicao em que o torque produzido pelos pesos da
perna e pé se iguale ao torque de resisténcia passiva gerado pelo quadril , essa
medida seria mais informativa da rigidez dessa articulagdo ao movimento de
rotacdo. Essa rigidez representa a mudanga do torque de resisténcia passiva,

fornecida pelos tecidos da articulagdo do quadril (musculos, ligamentos, capsula e

fascia), ao longo do movimento articular’ . Sendo assim, durante algumas
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atividades funcionais, mecanismos passivos de uma articulacdo podem contribuir
para impedir um movimento exagerado ou manter um alinhamento adequado. Além
disso, Gleim et al %® verificaram que individuos com maior rigidez passiva de tronco e
MMII apresentaram menor gasto energético em relagao aos individuos com baixos
niveis de rigidez passiva durante a marcha e corrida®® . Dessa forma, niveis
adequados de rigidez tecidual podem ser necessarios para garantir uma
transferencia eficiente de energia entre os segmentos da cadeia cinética. Essa maior
eficiéncia em transferéncia de energia permitiria padrées de movimento adequados
com menor gasto energético e sobrecarga dos tecidos do sistema musculo-

esquelético 2.

Além da influéncia dos movimentos do quadril para a ocorréncia de valgismo
no joelho, a rotagédo interna do membro inferior e a eversdao do calcaneo também
tém sido apontados como fatores que contribuem para a cinematica inadequada do
joelho "' O eixo da articulacdo subtalar por ser inclinado a 45° em relagdo a
horizontal permite o acoplamento do movimento do pé no plano frontal (eversao do
calcaneo) com o movimento no plano transverso (rotagao interna do talus e membro
inferior), com uma correlacéo relatada de r’= 0.991 %’. Essa forte associacdo sugere
que, alteragdes nos movimentos da subtalar podem levar a compensacdes na
articulagdo do joelho ?’. Mc Clay et al #? observaram que corredores classificados
como pronadores (overpronators) aterrissavam com maior valgismo de joelho no
momento do choque de calcanhar durante a corrida ?%. Além disso, atletas que
utilizavam palmilhas com 5° de elevacédo da borda medial do pé apresentaram uma
reducdo do valgismo de joelho e eversdo/pronacdo do calcaneo durante a

aterrissagem do salto 29 Essa pronacgdo excessiva tem sido relacionada com a
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presenca do alinhamento em varo do antepé, o qual pode aumentar o torque eversor
no complexo tornozelo-pé apds o contato do antepé com a superficie de suporte'>%,
Esses achados reforcam a necessidade de incluir a mensuragao padronizada do
antepé na avaliagcao de atletas, pois a presenca de varismo excessivo no antepé

pode gerar compensagdes biomecanicas de todo o membro inferior, influenciando a

ocorréncia de lesoes.

As evidéncias relacionadas aos fatores que influenciam a ocorréncia de
valgismo na articulagao do joelho de atletas durante atividades esportivas, indicam
que o alinhamento dinamico adequado do joelho depende de caracteristicas
anatbmicas e biomecanicas dos segmentos distais e proximais da cadeia cinética
3162024 Neste contexto, tanto alteracdes biomecanicas do quadril e tronco como as
do pé podem influenciar a cinematica da articulagdo do joelho e, dependendo das
caracteristicas da atividade executada, impor diferentes demandas sobre cada
componente da cadeia cinética. Sendo assim, as for¢cas externas geradas durante
um salto vertical precisam ser absorvidas e dissipadas pelos segmentos do MMIl em
um curto periodo de tempo® . Por outro lado, durante o agachamento, a perna
apoiada no chao precisa apresentar grande estabilidade e resisténcia ao longo de

toda a amplitude do movimento? .

Alguns estudos tém utilizado analises baseadas na contribuicdo linear e
individualizada de cada fator biomecénico para predizer o valgismo dindmico do

joelho?*?*

. Entretanto, o mau alinhamento estatico e dinamico desta articulagao
possui caracteristica multifatorial e depende da maneira como o sistema musculo-
esqueletico se adapta as possiveis interagées entre forga muscular, rigidez tecidual

e alinhamento articular dos segmentos proximais e distais da cadeia cinética’®. Essa
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interacao entre fatores é essencial para o desenvolvimento de uma melhor
capacidade de estabilizacdo dinamica durante a demanda imposta por uma
determinada atividade. Sendo assim, para identificar as interacbes clinicas
relevantes que podem nao ter sido capturadas por estudos prévios que focam na
investigacdo de efeitos estatiticos principais (main effects), o objetivo do presente
estudo foi identificar os fatores preditores para o aumento do angulo de projegcéao
frontal do joelho (APFJ) durante o agachamento unipodal e aterrissagem do salto
vertical em atletas. A Arvore de Classificacdo e Regressdo (Classification and
Regression Trees —CART) foi utilizada como um método estatistico que permite

capturar relagdes nao lineares entre as variaveis preditoras e de desfecho.

1.1 Pressuposto do estudo

Este estudo pressupde a contribuicdo dos segmentos distais e proximais dos
MMII para o aumento do APFJ e a interdependéncia da biomecanica do complexo
do tornozelo-pé e da articulagédo do quadril para a cinematica do joelho no plano

frontal durante atividades esportivas.
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Capitulo 2- MATERIAIS E METODO

2.1- Amostra

Este estudo observacional analitico foi realizado no Minas Ténis Clube e no
Laboratério de Prevengdo e Reabilitagdo de Lesdes Esportivas (LAPREV), que
pertence ao Centro de Exceléncia Esportiva - CENESP da Escola de Educacéao
Fisica, Fisioterapia e Terapia Ocupacional da Universidade Federal Minas Gerais

(UFMG).

Foram recrutados 227 atletas (78 do sexo feminino e 149 do sexo masculino)
participantes dos treinamentos e competicbes de basquete, futebol, voleibol e
ginastica olimpica. Os atletas foram avaliados durante o periodo de pré-temporada.
A idade média foi de 16,59 + 5 anos; massa corporal média de 67,16+ 16,4 Kg e
altura média de 157+ 59,43 cm. Para participacdo no estudo n&o havia restricdo em
relacdo ao tempo de pratica esportiva. Os critérios de inclusdo do estudo foram:
auséncia de dor ou histéria de cirurgia nos membros inferiores nos ultimos seis
meses. Aqueles atletas que apresentaram dor durante a realizacdo de qualquer
teste foram excluidos do estudo. Cada participante leu e assinou o termo de
consentimento livre e esclarecido concordando com sua participagcao no estudo. O
protocolo do mesmo foi aprovado pelo Comite de Etica e Pesquisa da UFMG (n°

ETIC 493/2009)
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2.2- Procedimentos
Avaliagdo da Forga dos Musculos Abdutores de Quadril

Para avaliacdo da forca muscular isométrica dos abdutores de quadril, o
individuo foi posicionado em decubito lateral em uma maca com os membros
superiores posicionados na frente do corpo. Uma faixa estabilizadora foi utilizada
para fixacdo do tronco e outra, posicionada cinco centimetros superiormente a
interlinha articular do joelho, foi utilizada para limitar a amplitude de movimento de
abdugdo de quadril e para posicionar um dinamdémetro manual (Hand Held —
Microfet2 ®) (Figura 1). Antes do inicio do teste, foi realizado um procedimento de
familiarizacdo e em seguida o atleta foi solicitado a realizar contragdo isométrica
maxima dos abdutores de quadril durante 5 segundos. Este procedimento foi
realizado trés vezes com intervalo de 15 segundos entre cada contragédo isométrica.
Durante o teste, foi dado incentivo verbal para garantir que o atleta realizasse a
contracdo maxima. Em um estudo piloto prévio para determinar a confiabilidade das
medidas, foi encontrado um Coeficiente de Correlagado Intraclasse (CCI) intra-

examinador de 0.94 e o erro padrao da medida (SEM) de 8.64 Nm/Kg .

Figura 1. Posicionamento para a avaliagao do torque isométrico
dos abdutores do quadril
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Avaliagcdo da Amplitude de Movimento (ADM) Passiva de Rotag&o Interna do Quadril

O participante foi posicionado em decubito ventral na maca com a pelve
estabilizada por uma faixa e o joelho flexionado a 90° Para a realizagéo do teste, foi
solicitado ao atleta que estivesse o mais relaxado possivel. Se o avaliador
observasse qualquer contragdo muscular visualmente ou por meio de palpacao, a
medida era descartada e, entdo, repetida. O examinador permitiu o movimento
passivo de rotacao interna (RI) de quadril, produzido pelo peso da perna e pé do
atleta, até que a tensdo das estrututas passivas e musculares do quadril
interrompesse este movimento. Neste momento, a ADM passiva de Rl de quadril foi
mensurada com um inclinbmetro (Starrett®) posicionado 5 cm distalmente a
tuberosidade anterior da tibia (Figura 2). O examinador apoiava a perna do atleta
apenas para manter os 90° de flexdo de joelho, com o cuidado para nao aplicar
nenhuma forga externa que favorecesse ou impedisse o movimento passivo de RI.
Foram realizadas trés medidas e a média, em graus, foi utilizada para analise. O
Coeficiente de Correlagéo Intraclasse (CCI) intra-examinador foi 0.99 e o erro

padrao da medida (SEM) foi 1,4°.

ii

\
I

“

Figura 2. Posicionamento para
avaliacdo da ADM passiva de RI do
quadril

O]
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Avaliagéo do Alinhamento Tibia-Antepé (Shank-Forefoot Alignment- SFA).
Inicialmente, o atleta foi posicionado em decubito ventral com os pés para fora
da maca. Uma camera digital (Nikon D5000®) com um tripé foram posicionados na
extremidade direita da maca, de forma que a camera estivesse a 90° em relacdo a
superficie horizontal da maca. O avaliador estabeleceu o ponto médio entre os
platds tibiais,entre os maléolos e através da palpacado determinou as extremidades
laterais e mediais do apice do calcaneo e dois pontos 1,5 cm distal a estas
referéncias. Em seguida, foi tragada uma linha sobre a tibia, unindo os pontos
médios entre os platds tibiais e os maléolos (Figura 3-A) . Apés as marcagodes, 0
avaliador fixou uma haste metélica no antepé (regido metatarsofalangiana) por meio
de uma faixa estabilizadora. O membro inferior do atleta foi posicionado de forma
que o calcaneo estivesse direcionado para cima e que todas as suas marcagoes
estivessem proporcionalmente visiveis no visor da camera. Em seguida, com o
auxilio de um goniémetro universal (Carci ®), o avaliador posicionou o pé do atleta a
90° de dorsiflexdo de tornozelo, solicitou que 0 mesmo mantivesse ativamente essa
posicao e tirou a foto (Figura 3-B). Este ultimo procedimento foi realizado trés

vezes.

Figura 3. A:Marcacgdes correspondentes a bisseccéo do platé tibial, maléolos e do calcaneo e

B: Posigao do atleta para avaliacdo do SFA
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Avaliagdo do Angulo de Projecdo Frontal do Joelho (APFJ)

Para a avaliagdo do APFJ nas atividades de agachamento e salto, foram
fixados marcadores reflexivos nas espinhas iliacas antero-superiores (EIAS), nos
epicondilos medial e lateral do joelho e no ponto médio entre os maléolos medial e
lateral do tornozelo (anteriormente). Em seguida, o atleta foi solicitado a realizar um
agachamento unipodal até 60° de flexdo dos joelhos. Essa angulagdo foi
previamente determinada pelo avaliador com um goniémetro e entdo um suporte foi
posicionado na parede, na altura da regiao glutea do atleta, para ser utilizado como
referéncia para a posi¢cao de 60° de flexdo de joelho (Figura 4-A). O atleta realizou
trés agachamentos unipodais, alternando entre os membros inferiores direito e
esquerdo, para evitar fadiga. Apds cinco minutos de repouso, o atleta foi solicitado a
realizar trés saltos verticais bipodais com as maos posicionadas na cintura (Figura 4-
B). Foi dado um intervalo de 5 segundos entre cada um dos saltos. Os

agachamentos e os saltos de cada atleta foram filmados para posterior anélise.

Figura 4. Posigdo do agachamento unipodal a 60° de flexdo (A) e do salto vertical (B)
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2.3- Reducao dos Dados

O torque produzido pelos musculos abdutores de quadril foi calculado
como o produto da média das trés medidas de forga e a distancia do trocanter maior
até cinco centimetros acima da linha articular do joelho, local em que o dinamémetro
manual foi posicionado. O valor de torque foi normalizado pelo respectivo peso
corporal do atleta (Nm/kg).

O alinhamento da tibia-antepé (SFA) foi determinado por meio da analise
das fotos pelo software Simi Motion Twinner®. O angulo do alinhamento tibia-antepé
foi definido como sendo o angulo formado pela linha de bissec¢éo da tibia e a linha
sob a haste posicionada na regido metatarsofalangiana, correspondente ao antepé
(Figura 5). Essa analise foi realizada nas trés fotos para se obter a média do &ngulo

do SFA. O CCl intra-examinador para esta medida foi 0.81 e o SEM foi de 3,89° .

Figura 5. Analise do SFA: angulo entre a bisseccdo da tibia e a linha
correspondente ao antepé.

Para a determinagdo do APFJ, os videos referentes aos agachamentos e
saltos foram analisados no software Simi Motion Twinner®. O APFJ foi definido
através da unido entre o ponto referente a EIAS, o ponto médio entre os epicdndilos

femorais (realizado atraves do software Simi Motion Twinner®) e o ponto médio
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entre os maléolos (Figura 6). Este angulo foi medido com o individuo na posi¢céao
unipodal estatica e a 60° de flexdo durante o agachamento unipodal. O CCI intra-
examinador obtido para esta medida foi de 0.83 e o SEM foi de 1,65°. A média de
trés medidas foi calculada produzindo um valor do APFJ do joelho dominante para

condigao estatica e para o agachamento.

Na atividade de salto, o APFJ foi analisado no momento da aterrissagem do
salto. A aterrissagem foi definida como os dois quadros (frames) apds o choque de
calcanhar. As médias de trés APFJ de ambas as pernas na aterrissagem do salto
foram utilizadas para analise. O CCI intra-examinador obtido para esta medida foi

de 0.88 e o SEM foi de 1,93°.

Figura 6. Analise do APFJ: unido entre o ponto referente a EIAS, o ponto médio entre os
epicdndilos femorais e o ponto médio entre os maléolos.
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2.4- Analise estatistica

Estatistica descritiva foi utilizada para caracterizar a amostra em relagao as
variaveis APFJ, sexo, torque dos abdutores normalizado pelo peso corporal,

alinhamento tibia ante-pé e ADM passiva de RI de quadril.

A arvore de classificacao e regressédo (Classification and Regression Trees —
CART) foi utilizada para avaliar quais os fatores preditivos influenciam a ocorréncia
de um FPKA aumentado nos atletas avaliados no presente estudo. A CART & um
modelo de classificacdo (regressdo) multivariado, ndo-paramétrico que desenvolve
uma arvore de decisdo, a qual representa graficamente a associagado entre as
variaveis preditoras e a variavel desfecho *'. Essa arvore de decisdo é criada por
meio de divisdes binarias sucessivas do conjunto inicial de dados que ocorrem até
que futuras divisbes nao sejam possiveis ou que critérios pré-estabelecidos para o
crescimento da arvore sejam alcancados®'. Para cada uma dessas divisdes, todas
as variaveis preditoras sao avaliadas e todos os possiveis pontos de corte (no caso
de variavel preditora do tipo continua) sdo considerados para se estabelecer aquele
preditor que melhor divide os dados em subgrupos (nodos) cada vez mais
homogéneos *'%%3 A ordem de entrada das variaveis preditoras no modelo ilustra
hierarquicamente a forca de associacédo entre cada preditor e a variavel desfecho, e
as divisbes subsequentes a divisdo inicial identificam possiveis interacdes entre
preditores. A escolha da CART para analise dos dados do presente estudo foi
baseada, portanto, no fato dessa ser uma analise robusta, que consegue capturar a
relagdo nao-linear entre preditores e por produzir resultados de facil aplicacdo por

meio de regras de tomada de decis&o clinica®343°%
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No presente estudo, para a construcdo da CART, a variavel dependente foi
dicotomizada como Maior - APFJ e Menor - APFJ. Este procedimento foi realizado
por meio da utilizacao dos percentis equivalentes ao terco com os maiores valores
do APFJ e ao terco com os menores valores de APFJ. Foram desenvolvidos dois
modelos: um para avaliar os fatores preditivos do APFJ da perna dominante durante
0 agachamento unipodal e o outro modelo para a aterrissagem do salto vertical da
perna dominante. As variaveis preditoras foram: sexo, torque dos musculos
abdutores de quadril normalizado pelo corporal, ADM passiva de Rl de quadril e
alinhamento tibia-antepé (SFA). Foram estabelecidos os seguintes critérios para o
processo de divisdo e, consequente, desenvolvimento da arvore: numero minimo de
8 individuos em cada subgrupo (nodo) para permitir a divisdo, nuUmero minimo de 4
individuos para que um subgrupo (nodo) seja gerado, para maximizar a
homogeneidade dos nodos em cada divisdo foi selecionado o indice Gini como
medida de impureza com um nivel de diminuigdo da impureza de 0,0001 para que
ocorra uma divisdo. O custo para classificagdes incorretas foi considerado simétrico
entre as categorias da variavel desfecho. Um procedimento denominado poda da
arvore (pruning) foi utilizado, quando necessario, para se obter a melhor arvore de
classificagdo dos dados, através da eliminacdo dos nodos com informacdes
redundantes. Além disso, no modelo desenvolvido para a atividade do agachamento
foi considerado como variavel de influéncia o APFJ da perna dominante na condi¢ao
estatica. No modelo desenvolvido para a aterrissagem, o APFJ da perna
contralateral foi utilizado com variavel de influéncia. O risco de classificagao
incorreta e a porcentagem de classificagdo total do modelo foram utilizados para

expressar a acuracia preditiva do modelo.
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A area sob a curva ROC (Receiver Operating Characteristics) foi calculada
também para avaliar a acuracia preditiva (performance) dos modelos desenvolvidos
no presente estudo. A curva ROC representa a habilidade do teste (modelo) para
fazer a distingdo entre as categorias da variavel desfecho dados todos os valores de
corte possiveis. Um modelo com acuracia preditiva perfeita apresenta uma area sob
a curva ROC igual a 1. Quando essa area € igual ou menor do que 0,5 o modelo é
considerado ndo acurado para predizer as diferentes categorias da variavel
desfecho, ou seja, a distingdo que o modelo faz entre ter ou nao ter a categoria alvo
da variavel desfecho € meramente ao acaso. Um nivel de significancia de 0,05 foi
estabelecido para verificar se a area sob a curva ROC de cada modelo

desenvolvido no presente estudo foi diferente de 0,5.

Os dois modelos de predicao foram desenvolvidos e a area sob a curva ROC foi

calculada utilizando o software SPSS v.17.0 para Windows.
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CAPITULO 4 - ARTIGO

“Predicting dynamic knee valgus in athletes using a classification and regression tree
approach”

Abstract
STUDY DESIGN: Cross-sectional.

OBJECTIVE: To analyze how typical predictors of increased dynamic knee valgus
angle interact to produce altered knee alignment during functional tasks

BACKGROUND: Excessive dynamic knee valgus is thought to be a contributing
factor to many lower extremity injuries. Decreased hip abductor strength have been
associated to increased knee valgus angle. In addition, athletes with excessive foot
pronation have increased frontal plane knee excursion. However, the biomechanical
interdependence of distal and proximal segments of the lower limb kinetic chain has
been poorly investigated.

METHODS AND MEASURES: During preseason, 227 athletes belonging to a sport
club were evaluated. The dynamic knee valgus (dependent variable) was measured
as the frontal plane projection angle of the knee (FPPAK), in two different conditions:
single leg squat (SLS) and landing. The independent variables were: isometric hip
abductor torque, passive range of motion (ROM) of hip internal rotation (IR) and
shank-forefoot alignment (SFA). Classification and Regression Trees (CART), a non-
parametric statistical analysis that incorporates nonlinear relationships between
predictors, was used to develop decision rules to predict the presence of excessive
FPPAK

RESULTS: During SLS the occurrence of high FPPAK was due to interaction
between hip abductor torque and passive ROM of hip IR. During landing, the SFA
together with abductor torque and passive hip IR were the predictors of high FPPAK.
In addition, the CART model identified meaningful cut-off points that classified the
sample into the outcome categories of High and Low-FPPAK.

CONCLUSION: These findings may guide sports professionals to plan preventive
programs and indicate that preseason assessments must include measurements of
hip abductor torque, passive ROM of hip IR and shank-forefoot alignment.

KEY WORDS: Knee valgus, hip strength, CART, sports injuries, lower limb.
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INTRODUCTION

Knee injuries such as patellofemoral syndrome (PFS), patellar tendinopathy
and Anterior Cruciate Ligament (ACL) tear require longer time to recover than ankle
injuries (131%), hip and thigh injuries (41%)'® and result in increased time away from
sports. Furthermore, an ACL injury generates an estimated cost of approximately
U$17,000.00 per athlete™. Knee joint injury seems to be related to the demands on
musculoskeletal system produced by sports activities. For example, approximately
63% of knee injuries occur during takeoff and landing from vertical jump in volleyball
and 43% in basketball “?’. Thus, a better understanding of the mechanisms involved
in these injuries may help the development of effective treatment and preventive

interventions.

One factor that may contribute to production of knee injuries in sports is the
athlete’s inability to maintain a proper dynamic alignment among lower limb

102124 Hewett

segments in the frontal and transverse planes during sports practice
et al " demonstrated that the presence of dynamic knee valgus (abductor moment) is
an important predictor of ACL rupture in athletes'. The presence of knee valgus
during lower limb movement can also lead to dynamic changes in patellar alignment.
Such changes have been related to increases in the overload of structures such as
the retinaculum patellar, articular cartilage and fat pad, predisposing the development
of anterior knee pain (Patellofemoral Syndrome)z. Moreover, incorrect movement
patterns and the related change in patella alignment may increase patellar tendon
shear forces, predisposing the developement of patellar tendinopathy??. Therefore,

dynamic changes in knee alignment associated with the complex demands involved

in sports like volleyball, basketball and soccer seem to increase the load imposed on
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the musculoskeletal system of the athlete, contributing to the development of various

types of injuries and disorders around the knee joint.

The knee is an intermediate joint in the kinematic chain, and thus depends on
appropriated mechanical behavior of hip and ankle joints to dissipate and/or properly
distribute the forces imposed on the musculoskeletal system during sports activities®.
For example, during performance of close kinetic chain activities dynamic knee
valgus may result from excessive femur internal rotation and hip adduction'®'®".
This altered kinematics of the hip joint may occur due to weakness of the hip
abductors and/or external rotators, especially gluteus medius and maximus '>'8. In a
systematic review, Prins and Wurff 2 demonstrated that women with PFS have
decreased strength of hip muscles, in particular hip abductors, external rotators and
extensors on the affected side when compared with healthy participants % Geiser et
al "induced a fatigue protocol specific to hip abductors in physically active subjects
and observed that the knee joint assumed a more adducted position in frontal plane,
which resulted in an increased dynamic knee valgus during functional activities'".
These studies demonstrate, therefore, that excessive hip movement particularly

those associated with reduced hip abductor strength appear to influence the degree

of knee valgus in athletes during the performance of sports activities.

Excessive knee excursion in the frontal plane is not only influenced by hip
abductor muscle strength but seems to be also associated with the available hip
range of motion (ROM) . Traditionally, the ROM of a joint is assessed by applying to
it an external torque, as the total motion produced is recorded. Thus, this measure
may be highly influenced by the tolerance to stretching of the subject ° If the

transverse plane ROM is assessed so that it represents the position where the torque



34

produced by the leg and foot weights equals the passive resistance torque generated
by the hip, this measure could be informative about joint stiffness. This stiffness
represents the change in the torque of passive resistance supplied by the tissues of
the hip joint (muscles, ligaments, capsule and fascia), offered against the joint
motion®. Thus, for some functional activities, passive mechanisms of a joint can help

to prevent an exaggerated movement or maintain proper alignment.

In addition the influence of hip movements for the knee valgus occurrence,
excessive lower limb internal rotation and calcaneal eversion have also been
postulated to contribute to inadequate knee kinematics 720 The subtalar joint axis,
which is tilted 45° from horizontal plane, allows the coupling of the motion of the foot
in frontal plane (calcaneal eversion) with the motions in transverse plane (talus and
lower limb rotation), with a reported correlation of r* = 0.991 2. This strong
association indicates that changes in the subtalar joint movements may lead to
compensation at knee joint1.ln addition, athletes who wore foot orthosis wedged 5
medially showed a decrease in knee valgus and calcaneal eversion/pronation during
landing"”. Excessive pronation has been linked with the presence of forefoot varus
alignment, which can increase the eversion torque in ankle-foot complex after
forefoot contact with the support surface?*?°. These findings reinforce the need to
include the standardized measurement of the forefoot in the assessment of athletes,
since the presence of excessive forefoot varus can cause biomechanical

compensations throughout the lower limb and influence the occurrence of injuries.

Some studies have used analysis based on linear and individual contribution
of each biomechanical factor to predict dynamic knee valgus® °. However, the

occurrence of increased static and dynamic valgus alignment of the knee has
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multifactorial nature and depends on how the musculoskeletal system adapts to the
possible interactions between muscle strength, tissue stiffness and joint alignment of
proximal and distal segments of the kinetic chain®. This interaction between factors is
essential to develop a greater capability for dynamic stabilization during the demand
imposed by a particular activity. Therefore, to identify clinically relevant interactions
that may not have been captured by previous studies that focus on the investigation
of statistical main effects, the aim of this study was to determine the predicting
factors of increased frontal plane projection angle of the knee during the single leg
squat and landing in athletes. The Classification and Regression Trees (CART) was
used as the statistical method for analysis, since it captures nonlinear relationships

between the predictors and outcome variables.
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METHODS
Participants

In this study, 227 athletes (78 female and 149 male), who regularly
participated in training and competitions of basketball, soccer, volleyball and
gymnastics, were recruited during pre-season. The mean age was 16.59 + 5 years;
the mean body mass was 67.16 £ 16.4 kg and the mean height was 157 + 59.43 cm.
There was no restriction regarding the time of sports practice in this study. The
inclusion criteria were: absence of pain or a history of lower extremity surgery in the
last six months. Those athletes who felt pain or discomfort while performing any test
were excluded from the study. The University’s Institutional Ethics Review Committee
approved the procedures of this study and all participants signed an informed

consent (ETIC No. 493/2009).

Procedures

Strength Testing

Isometric strength of the hip abductors was measured using a manual
dynamometer (Hand Held - Microfet2 ®). The subject was positioned in side lying on
a treatment table with arms in front of the body. The dynamometer was positioned
under a stabilizing strap five centimeters above the knee joint line. A second strap
was used for trunk stabilization (Figure 1). After a familiarization procedure the
athlete was asked to perform maximal isometric contractions of the hip abductors for
5 seconds. This procedure was repeated three times with intervals of 15 seconds
between each isometric contraction. During testing, verbal encouragement was given

to ensure that the athlete would produce maximum contraction.
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Hip abductor muscle torque was calculated as the product of the mean of the
three strength measures and the distance from the greater trochanter to five
centimeters above the knee joint line, where the manual dynamometer was
positioned. The torque value was normalized by the respective body weight (Nm/kg)
of the athlete. Reliability analysis of this measure yielded an intrarater Intraclass
Correlation Coefficient (ICC) was 0.94 and the standard error of measurement (SEM)

was 8.64 Nm/kg.

Figure 1. Testing position for isometric hip abductor torque assessment.

Passive Range of Motion (ROM) of Hip Internal Rotation

The subject was positioned in prone position on a treatment table with the
pelvis stabilized and the knee flexed at 90°. The athlete was instructed to remain as
relaxed as possible. If the examiner observed any muscle contraction visually or by
palpation, the measurement was rejected and repeated. The examiner allowed the

passive movement of hip internal rotation (IR), produced by the weight of the leg and
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foot of the athlete, until the tension produced by the hip structures interrupted this
movement. At this position, the passive hip IR ROM was measured with an
inclinometer (Starrett®) positioned 5 cm distal to the anterior tibial tuberosity (Figure
2). The examiner supported carefully the leg of the athlete to maintain 90° of knee
flexion, without applying any additional external forces that could favor or hinder the
hip passive movement. Three measurements were performed and the mean, in

degrees, was used for analysis.

"%

Figure 2. Test position for hip passive IR ROM assessment

Shank-Forefoot Alignment-SFA Assessment

The athlete was positioned in prone with the feet of the treatment table. A
digital camera (Nikon D5000®) with a tripod was positioned at the right end of the
treatment table, so that the camera was 90° in relation to the treatment table. The
examiner located and marked the midpoint of the tibial plateau, the central area
between the malleolus and, by palpation, determined the lateral and medial

extremities of the apex of the calcaneus and identified two points 1.5 cm distal to
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these references. Then a line was drawn on the tibia, by joining the points marked on
the tibial plateaus and between the malleolus (Figure 3-A). After, bisecting the tibia,
the examiner positioned a metal rod on the plantar area of the forefoot, following the
orientation of the metatarsophalangeal heads. The lower limb of the athlete was
positioned so that the calcaneus was directed upwards and that all markings were
visible on the center of the camera display. With the aid of an universal goniometer
(Carci®), the examiner positioned the foot of the athlete at 90° of ankle dorsiflexion,
requested the athlete to actively maintain this position and took a still photograph

(Figure 3-B). This procedure was performed three times.

The shank-forefoot alignment (SFA) was measured by means of the analysis
of the still photos. This analysis was performed with the program Simi Motion
Twinner®. The angle of the shank-forefoot alignment was defined as the angle
between the bisection line of the tibia and the line along the rod positioned on the
metatarsophalangeal region, corresponding to the forefoot alignment. This analysis
was performed on the three different photos to obtain the mean angle of the SFA.

The intrarater ICC for this measure was 0.81 and the SEM was 3.89 °.

Figure 3. A: Markings corresponding to bisection of the tibial plateau, malleolus and the calcaneus and

B: Athlete position for SFA assessment
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Frontal Plane Projection Angle of the Knee (FPPAK)

To assess the FPPAK during SLS and landing from a jump, reflective markers
were attached on the anterior superior iliac spines (ASIS), on the medial and lateral
epicondyle of the knee and on the anterior aspect of the leg (midpoint between the
medial and lateral malleolus of the ankle). The athlete was, then, asked to perform a
single-leg squat up to 60° of flexion of the knee. This angle was previously
determined by the examiner with a goniometer and then a support was placed on the
wall, at the gluteal region of the athlete, to be used as a reference for 60° of knee
flexion (Figure 4-A). The athlete performed three single leg squat (SLS), alternating
between right and left legs, to avoid fatigue. After five minutes of rest, the athlete was
asked to perform three two-legged vertical jumps with the hands placed on the waist
(Figure 4-B). It was given a 5 second interval between each jump. The performance

of each athlete was videotaped for later analysis

To determine the FPPAK, videos of the SLS and jumps were analyzed using
the software Simi Motion Twinner ®. The FPPAK was defined by connecting the
points concerning the location of the ASIS, the midpoint between the femoral
epicondyles and the midpoint between the malleoli. This angle was measured with
the subject in static single leg stance and in 60° of flexion during the SLS. The
intrarater ICC obtained for this measure was 0.83 and the SEM was 1.65°. The mean
of three measurements of the dominant knee in the static condition (before squatting)

was used for the analysis.

The FPPAK was also analyzed at the moment of landing from a jump. The

landing was defined as the second frame after the heel strike. The mean of three
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FPPAK of both legs in landing were used for analysis. The intrarater ICC obtained for

this measure was 0.88 and the SEM was 1.93°.

Figure 4. Position of the SLS to 60° of flexion (A) and of the vertical jump (B)

Statistics

Descriptive statistics were used to characterize the sample in relation to the
variables: FPPAK, gender, normalized abductors torque, shank-forefoot alignment
angle and hip internal rotation passive ROM. Classification and Regression Trees
(CART) was used to assess which predictive factors influenced the occurrence of
high- FPPAK. CART is a multivariate, nonparametric classification (regression)
model, which develops a decision tree by successive binary divisions of the initial set
of data that occur until further divisions are not possible or until pre-established
criteria for tree growth are reached 3. For each of these divisions, all possible cutoff
points are considered to establish the predictor that best divides the data into
subgroups (nodes) increasingly homogeneous * 8. The choice of CART to analyze

the data of this study relies on the fact that it is a robust analysis, which can capture
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the non-linear relationship between predictors and produce results easily applied by

clinical decision rules & 130,

To build the CART model, the dependent variable was dichotomized as High -
FPPAK and Low-FPPAK. This procedure was performed by identifying the
percentiles corresponding to the inferior (low- FPPAK) and superior (high- FPPAK)
thirds of the sample’s distribution. Two models were developed to assess the
predictor factors of FPPAK of the dominant leg during the SLS and landing from a
jump. The predictor variables were: gender, normalized hip abductor torque, passive
ROM of hip IR and shank-forefoot alignment angle (SFA). In the SLS model the
FPPAK of the dominant leg in the static condition was considered as an influence
variable. In the landing model the FPPAK of the contralateral leg was used as
influence variable. The area under the ROC curve (Receiver Operating
Characteristics) was also calculated to assess the predictive performance of the
models developed in this study. A significance level of 0.05 was established to verify
whether the area under the ROC curve of each model developed in this study was

different from 0.5.
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RESULTS

The cut-off values of the inferior (Low FPPAK) and superior (High FPPAK)
thirds of the FPPAK distribution during SLS were 4.69° e 8.16° respectively.
Considering that only subjects that had values below or above the cut-off values
were included in the final sample, data from only 101 athletes were analysed. Fifty
athletes had High- FPPAK (mean=11.79°, SD=+2.66) and fifty-one athletes had Low-
FPPAK (mean=2.86° SD= + 1.36). During landing, the cut-off values for Low and
High FPPAK were -0.09° e 3.59°, respectively. Due to this classification and to the
use of the values of FPPAK of the opposite limb as influence variable, data from only
72 athletes were analysed. Thirty-three athletes had High- FPPAK (mean=7.59°;
SD=+2.5) and thirty-nine athletes had Low-FPPAK (mean=-3.93; SD=+4.2). The
mean and standard deviation of the sample’s demographics characteristics and
independent variables: normalized hip abductor torque, passive ROM of hip IR and

shank-forefoot alignment angle (SFA) are presented in table 1.

Table 1: Mean and SD for demographics characteristics and independents variables

Variable SLS Group Landing Group
(n=101) (n=72)

Age (years) 17.1 (5.3) 16.7 (4.6)
Body Mass (kg) 68.9 (17.3) 68.6 (16.9)
Sex

Female 32 (31%) 22 (30%)

Male 69 (69%) 50 (70%)
Height (cm) 150.4 (68.1) 179.7 (14.7)
Shank-Forefoot Alignment (°) 11.8 (8.2) 11.9 (8.9)
Passive ROM of Hip IR (°) 43.01 (15.1) 45.7 (14.9)

Hip Abductor Torque (Nm/Kg) 117.92 (39.4) 127.55 (35.2)
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Predictive model for Single Leg Squat (SLS)

The classification tree (Figure 5) has identified, from the four independent
variables entered in the analysis, the normalized hip abductor torque and passive
ROM of hip IR as FPPAK predictors during SLS. The normalized hip abductor torque,
with cut-off point of 103 Nm/kg, was the first predictor to separate the sample into two
groups. Twenty-three athletes of those who had normalized hip torque < 103 Nm/Kg
(76.7%) had High- FPPAK, while only seven athletes had Low- FPPAK (node 1).
Normalized hip torque values great than 103 Nm/Kg was predictor of Low-FPPAK in
62% (n=44) of the 71 athletes who had normalized hip torque great than 103 Nm/hg

(node 2).

In the subgroup with normalized hip abductor torque of less than 103 Nm/kg,
passive ROM of hip IR greater than 43° was a predictor for High- FPPAK in 90% of
the athletes (node 4). Five athletes with low abductor torque and passive ROM of hip
IR between 37° and 43° (83% of this subgroup) demonstrated Low-FPPAK (node 8),
just one of those presented High- FPPAK. One hundred per cent (n=4) of the athletes
that showed abductor torque less than 103Nm/kg and passive ROM of hip IR less

than 37° presented High-FPPAK (node 7).

Among the athletes with hip abductor torque greater than 103 Nm/Kg (n=71),
seven out of nine (77.8%) of those with hip IR passive ROM of less than 21.6° (node
5) had High-PPAK. The athletes who had hip IR passive ROM greater than 21.6°,
were divided into two subgroups according to their normalized hip abductor torque in
a new cutoff point. Normalized hip abductor torque greater than 148.8 Nm/Kg was
predictor of Low -FPPAK in 90% of these athletes (n=19) (node 10). Similarly, 22

athletes with hip IR passive ROM greater than 21.6° and abductor torque between
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103 and 139.1 Nm/kg had Low-FPPAK (node 11). However, seven among eight
athletes with abductor torque between 139.1 and 148.8 Nm/Kg had High-FPPAK,

during SLS (node 12).

The predictive model, after pruning, had classified correctly 36 of the 50
athletes with High- FPPAK (sensibility, 72%) and 47 of the 51 athletes with Low-
FPPAK during SLS (specificity, 92%), indicating that 82% of all outcomes were
correctly classified. The CART created decision rules that discriminate athletes with
High-FPPAK and Low-FPPAK (table 2). In addition, the area below the ROC curve
was 0.74 (IC: 95% = 0.66-0.81; p < 0.0001), showing that athletes classification in

High-FPPAK and Low —FPPAK, using this model, was different from chance.

Figura 5. Classification tree of predictors of the occurrence of High and Low- FPPAK during SLS.
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Table 2. Classification tree rules for predicting the occurrence of High and Low—FPPAK during SLS

I- Decision rules for occurrence of High-FPPAK
NODE 4 Hip Abductor Torque < 103 Nm/kg and Passive ROM of Hip IR >43.6°
NODE 5 Hip Abductor Torque > 103 Nm/kg and Passive ROM of Hip IR < 21.6 °

NODE 12 Hip Abductor Torque between 139 and 148 Nm/Kg and Passive ROM of Hip IR >
21.6°

II- Decision rules for occurrence of Low-FPPAK

NODE 8 Hip Abductor Torque < 103 Nm/kg and Passive ROM of hip IR between 37° and
436°

NODE 10 Hip Abductor Torque > 148 Nm/kg and Passive ROM of hip IR > 21.6 °

Predictive model for Landing

The CART model (Figure 6) selected SFA angle, normalized hip abductor
torque and hip IR passive ROM as predicting factors for FPPAK during landing. The
classification tree showed the SFA angle as the first predictor of High- FPPAK. About
60% (n=23) of the athletes with SFA angle great than 10.9° had High-FPPAK (node
2). Conversely, out of the 34 athletes with SFA angle lesser than 10.9°, 70.6 %
(n=24) had Low-FPPAK, while only 10 athletes had High — FPPAK (node 1). In the
subgroup of subjects with SFA lesser than 10.9°, normalized hip abductor torque
lesser than 109 Nm/kg was predictor of High- FPPAK in 75% of athletes (n=9) (node
3). When the subjects had SFA angles lower than 10.9° and normalized hip abductor
torque greater than 109 Nm/kg, 95% of the athletes (n=21) had Low-FPPAK (node

4).



48

In those athletes who had SFA angles higher than 10.9°, the model selected
passive ROM of hip IR as second predictor. Among athletes with SFA > 10.9° and
passive ROM smaller than 34°, five out of seven (71.4%) had Low-FPPAK (node 5).
On the other hand, 21 of 31 athletes with passive ROM of hip IR greater than 34.3°
(67%) had High-FPPAK (node 6). Fourteen athletes with passive ROM of hip IR
between 34.3° and 47.8° presented high-FPPAK (node 7). Concerning the subgroup
of athletes with passive ROM of hip IR greater than 47°, another split was based on
shank-forefoot alignment angle: SFA values between 10.9° and 17.3° were
associated to Low-FPPAK in 75% of athletes (n=6) (node 9). On the other hand,
passive ROM of hip IR greater than 47.8° and SFA angle great than 17.3° were
predictors of High-FPPAK in 83.3% of the athletes belonging to this subgroup (n=5)

(node 10).

The CART model classified correctly 28 of the 33 athletes with High- FPPAK
(sensibility, 84%) and 32 of the 39 with Low- FPPAK (specificity, 82%) during
landing, indicating that 83% of all outcomes were correctly classified. The CART
model allowed the creation of decision rules that discriminate athletes with High-
FPPAK and Low-FPPAK (Table 3). The area below the ROC curve was 0.79 (IC:
95% = 0.70-0.88; p < 0.0001), showing that athletes classification in High-FPPAK

and Low —FPPAK, using this model, was not by chance.



Figure 6. Classification tree of the occurrence of High and Low- FPPAK during landing.
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Table 3. Classification tree rules for predicting the occurrence of High and Low-FPPAK during landing

I- Decision rules for occurrence of High-FPPAK

NODE 3 SFA < 10.9° but Hip Abductor Torque < 109 Nm/kg

NODE 7 SFA > 10.9° and Passive ROM of hip IR between 34° and 47°
NODE 10 SFA > 17° and Passive ROM of hip IR > 47°

ll- Decision rules for occurrence of Low-FPPAK

NODE 4 SFA <10.9° and Hip Abductor Torque > 109 Nm/kg

NODE 5 SFA > 10.9° but Passive ROM of hip IR < 34 °

NODE 9 Passive ROM of hip IR >47° and SFA between 10.9° and 17°

50
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DISCUSSION

The results of this study demonstrate that the occurrence of High-FPPAK
during landing from a jump was due to an interaction between SFA angle, normalized
abductor torque and passive ROM of hip IR. Similarly, during one leg squat, the
occurrence of High-FPPAK was the result of the interaction between abductor torque
and passive ROM of hip IR. These results illustrate the influence of biomechanical
factors of the distal and proximal segments of the lower limb kinetic chain in the
production of increased dynamic knee valgus (High-FPPAK) during functional
activities. The findings of the present study are in agreement with previous studies,
which identified significant association between lower limb biomechanical factors with

the occurrence of knee valgus® 232,

The results of the SLS analysis indicated that the hip abductor torque was the
main predictor of High-FPPAK. This finding is consistent with the study of Claiborne
et al°, which found that hip abductor torque alone explained 13% of the occurrence of
increased FPPAK. However, Wilson et al®' tested the association between FPPAK
and strength of hip abductors and external rotators during squat to 45° of knee
flexion and found that only the external rotators had significant association with
FPPAK (r=0.40). These results could be attributed to the smaller range of knee
flexion used (45° as opposed to 60°), or to the lower mean of FPPAK shown by those
subjects (4°) in comparison with athletes of the present study who demonstrated a
mean of 7.59° in High-FPPAK group. The performance of the single leg squat to 60°
increases the perpendicular distance from the knee joint axis to the body center of
gravity, which increases the external knee flexor moment. This greater demand of

stabilization at in this range may have increased the contribution of the hip abductors
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to control the occurrence of knee valgus and values of normalized hip abduction

torque smaller than 103 Nm/kg strongly contributes to the occurrence of high FPPAK.

Another relevant predictor selected by the classification tree, during SLS, was
the passive ROM of hip IR. The inclusion of this variable allowed a better
understanding of how the available range of hip internal rotation interacts with the
abductor torque. The results of the present study indicated that the association of
reduced hip abductor torque (<103 Nm/kg) with large range of hip internal rotation
(>43°) was crucial for the occurrence of High-FPPAK. Furthermore, 90% of athletes
with high abductor torque (>148 Nm/Kg), even showing available passive ROM of IR
hip greater than 21° did not demonstrate High-FPPAK. This fact reinforces the
influence of hip abductors strength in controlling knee kinematics. However, it is
important to notice that seven athletes with torque between 139 and 148 Nm/kg and
hip internal rotation passive ROM above 21° showed High-FPPAK. In this subgroup,
it is possible that other factors not assessed in the present study, such as a
decreased strength hip external rotators or level of athlete’s sports ability could help
explain the occurrence of High-FPPAK. Despite the existence of other possible
contributor to increased knee valgus, the interaction between hip abductors strength
and passive ROM of hip IR (as a possible index of hip stiffness), shown in the
present study, suggests that clinical and preventive interventions should focus on

both the contractile and passive elements of the hip joint.

Contrary to expectations that hip abductor strength and stiffness could help
prevent the occurrence of knee valgus, seven athletes with hip abductor torque
greater than 103Nm/Kg and marked decreased passive ROM of hip IR (<21°;

subgroup mean angle of 17°) were classified into High-FPPAK group. This marked
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restriction of available range of hip IR may indicate an existence of femoral neck
retroversion, which can alter the kinematics behavior of the lower limb segments
during the performance of activities required in this study. For example, if the athlete
does not have the appropriate range of hip internal rotation to allow absorption of
possible trunk and pelvis rotations resulting from squating, it would cause that the
projection of the body’s center of gravity to fall outside of the base of support and
require an increase in hip adduction and thus, an increase of knee valgus to allow
control of the movement. In this case, not only low hip stiffness but also excessive
hip stiffness may be related to the occurrence of knee valgus during certain

functional activities.

During landing, the main predictor selected by CART was the shank-forefoot
alignment (SFA) angle. Considering that the ankle-foot complex is the first segment
to get in contact with the ground when landing from a jump, changes of the alignment
of this structure seems to be crucial for kinematic and kinetic adaptations of other
segments of the lower limb'. The relationship between static forefoot varus
measurements and foot kinematics is in agreement with the findings of Donatelli et
al” who observed increased foot pronation in baseball athletes with marked forefoot
varus at heel strike during running. Furthermore, the present study demonstrated that
inter-segmental relationships are complex, since, in the individuals with small SFA
angle (below 10.9°), reduced normalized abductor torque (<109 Nm/kg) was the next
predictor for athletes to show High-FPPAK. On the other hand, for those athletes
SFA angle greater than 10.9°, increased passive ROM of hip IR (>34.3) was the most

important factor in the production of High-FPPAK. Again, during landing from a jump,
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structural factors such as foot alignment and hip stiffness seem to play important

roles in controlling the motions of the knee joint.

In the analysis of landing in 2D, the FPPAK represents the combination of
movements of hip adduction and internal rotation?’. Athletes with small forefoot varus
angle (SFA<10.9°), may have had a lower demand for lower limb internal rotation
and the component of femur adduction became more relevant to knee kinematics.
Once landing also imposes a high hip adduction moment, the athlete’s inability to
produce proper hip abductor torque influenced the occurrence of High-FPPAK, as
75% of the athletes who had low normalized hip adductor torque (< 109 Nm/kg)

I"? also found lower values of

demonstrated knee valgus when landing. Heinert el a
hip abductor torque in athletes who had higher knee valgus angles when compared
with athletes with higher values of torque. Thus, the findings of both studies reinforce

the need of specific strengthening of hip abductors in athletes, independently of the

degree of foot alignment.

In the subgroup with the largest degree of SFA angle (>10.9°), an increased in
demand of lower limb internal rotation may have occurred, which would explain the
increases in FPPAK. During landing from a jump, if the hip joint had less available
ROM of IR, the femoral movements in the transverse plane would be more restricted
and help prevent the occurrence of dynamic knee valgus. This happened in 71% of
the athletes with and available range of hip internal rotation of less than 34°. In
addition, when the athletes showed passive ROM of IR between 34° and 47°,
allowing more movements of the femur in the transverse plane, there was an
increase in the occurrence of High-FPPAK. It is interesting to observe that, in

athletes with greater magnitude of ROM of hip IR available (>47.8°) and with high
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SFA angle (>17°), the demand for lower limb internal rotation was probably more
pronounced, as it influenced the occurrence of High-FPPAK in high a percentage of
athletes. Similarly, Sigward et al®® found that the ROM of hip rotation and ankle
dorsiflexion explained 27% of the variance of FPPAK during landing. Despite the
difference between variables in both studies, these findings suggest that FPPAK is
influenced by the adaptations of the passive distal and proximal structures of the
kinetic chain. When an athlete with large magnitude of forefoot varus associated with
a large ROM of hip IR lands from a jump, the knee joint accompanies the transfer of
mechanical energy from the adjacent segments and, thus, demonstrates an increase
in its frontal plane projection angle that is associated to the presence of increased

dynamic knee valgus.

Several studies have indicated a higher prevalence of knee valgus in women
19.31.32 However, the independent variable gender was not selected as predictor of
FPPAK in none of the CART models. Furthermore, data from this study
demonstrated that changes in strength production capability, foot alignment and
passive ROM of hip internal rotation are the most relevant factors related to
increased knee excursion in the frontal plane, suggesting that the occurrence of knee
valgus in women is not determined by gender, but by the biomechanical
characteristics of these individuals. Therefore, the pre-season assessment of
athletes of both genders should focus on screening of the biomechanical factors,

revealed by the presented CART models, to prevent the occurrence of High-FPPAK.

The results of this study showed that the capacity of the musculoskeletal
system to maintain good knee alignment against the demands imposed by the

external moment during landing depends on the alignment of the forefoot in relation
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to the tibia (SFA) and its interaction with hip strength and stiffness. The cross-
sectional design of this study imposes limitations on the relation of cause and effect
between the predictors and the outcome. Despite this limitation, the use of CART
statistical method permitted the analysis of the interaction between predictors and
identification of cutoff points for independent variables® '°. In this context, clinical
decision rules were developed for the classification of athletes in High and Low-
FPPAK groups with accuracy of 82% and 83% for single-leg squat and landing from
a jump, respectively. In addition, the area under ROC curve also demonstrated the
performance of both models to predict the target category of the dependent variable.
In the SLS, the area indicated that a randomly selected athlete with increased frontal
plane projection knee angle has a higher chance of being classified as High FPKA
based on predictive model than an athlete with low FPKA in 74% of the time. In the
landing model, this classification occurs in 79% of the time. Thus, these results
demonstrated that measures of forefoot alignment, abductor torque and passive
ROM of hip IR should be included in pre-season assessment of athletes. The
identification of changes in these variables will enable preventive interventions aimed
at correcting the factors relevant to the occurrence of high FPPAK during sports

activities.
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CONCLUSION

The results demonstrated that during SLS the occurrence of high FPPAK was
due to interaction between hip abductor torque and passive ROM of hip IR. During
landing, the SFA together with hip abductor torque and passive hip IR were the
predictors of high FPPAK. These findings suggest that ankle-foot complex alignment,
hip abductor strength and passive ROM of hip IR should be assessed in athletes to

screen for knee valgus during dynamics task.

KEY POINTS

FINDINGS: During single leg squat, High- FPPAK was predicted by decreased hip abductor torque
related to increase passive ROM of hip IR. During landing the excessive forefoot varus alignment
together with increased passive ROM of hip IR and decreased hip abductor torque were the predictors

of High-FPPAK. The gender variable was not associated to High- FPPAK.

IMPLICATIONS: ankle-foot complex alignment, hip abductor strength and passive ROM of hip IR

should be measured in athlete’s preseason assessment.

CAUTION: Athletes who had hip abductor torque > 103 Kg/Nm associated to excessive decreased

passive ROM of hip IR (17°) produced High-FPPAK.
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Capitulo 5 - CONSIDERAGOES FINAIS

O presente estudo demonstrou a interagdo das disfungbes do segmentos
distais e proximais dos membros inferiores na ocorréncia de maiores valores do
APFJ durante as atividades de aterrissagem e agachamento. A presenga do
movimento excessivo do joelho no plano frontal esta relacionada com a sobrecarga
nesta regido e portanto, a triagem das alteragdes biomecanicas dos membros
inferiores que modificam a cinematica do joelho durante atividades dindmicas é
necessaria para a identificagcdo dos atletas com maior risco de desenvolver lesées

nesta articulacao.

Durante o agachamento, a relagdo entre a redugdo do torque abdutor do
quadril e o aumento da ADM passiva de Rl de quadril foi preditor para maiores
valores do APFJ. Este achado se assemelha ao que vem sendo reportado na
literatura, caracterizando a influéncia das disfungcbes da articulacdo do quadril na
cinematica do joelho. Aléem disso, o agachamento unipodal a 60° de flexdo por ser
um movimento funcional e comumente utilizado na pratica de treinamentos dos
atletas possibilitou a analise dos segmentos dos membros inferiores em uma
situagdo de maior demanda. Assim, estes resultados reforgam a necessidade de se
considerar tanto o componente contratii do quadril quanto o passivo para a

estabilizagao da articulagao do joelho nos planos frontal e transverso.

Com a utilizacdo do modelo CART foi possivel verificar as interacbes
complexas entre as articulagbes do pé e do quadril durante a aterrissagem. O
alinhamento do pé foi um importante preditor para o aumento do valgismo dindmico
do joelho. Em atletas com leve aumento do varismo do antepé, a redugéo do torque

normalizado do quadril foi preditor para a presenga de maiores valores do APFJ. No



62

entanto, em atletas com maiores valores de varismo do SFA, o aumento da ADM
passiva de Rl do quadril foi preditor para maiores valores do APFJ. Estes resultados
indicam que padrbées da cinematica no joelho sao influenciados pela dindmica do
contato do antepé com o solo no momento da aterrissagem e também dependem da
capacidade da articulagao do quadril em restringir ou facilitar a rotagao interna e

aducdo no femur durante esta atividade.

O modelo de classificagao forneceu pontos de cortes para cada variavel
preditora durante o agachamento e aterrissagem. Estes pontos de corte podem
auxiliar os profissionais do esporte a direcionar suas acdes aos valores preditores
especificos que podem ser modificados através de exercicios ou orientacdo para
uso de orteses para o pé. Dessa forma, o entendimento da interagao entre os fatores
preditores na producao de maiores valores do APFJ pode levar ao desenvolvimento

de programas de prevencéao e reabilitagdo mais efetivos .

Tendo em vista os resultados do presente estudo, a avaliagdo pré-temporada
de atletas deve incluir o alinhamento tibia-antepé, a forca dos abdutores do quadril e
ADM passiva de Rl do quadril. A primeira medida ndo é usualmente realizada devido
a dificuldade de padronizacdo da mesma, entretanto para este estudo foi
desenvolvido um método confiavel e pratico para ser utilizado nas avaliagcbes de
atletas. Além disso, utilizagdo do método em 2D para triar o aumento do APFJ
também possui capacidade e confiabilidade para identificagdo do valgismo do joelho
em relagdo ao método 3D e pode ser usado no ambiente clinico da fisioterapia
esportiva. A quantificagado de alteragdes de movimento, como o aumento do APFJ
que esta relacionado as lesbes nos MMII em atletas e, principalmente dos fatores

que podem contribuir para o aumento do APFJ, € um passo importante para
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melhorar o entendimento da relagcdo entre as demandas esportivas e as
capacidades do sistema musculo-esquelético. Dessa forma, os profissionais do
esporte podem desenvolver um raciocicio clinico apropriado para o planejamento de

um programa de reabilitagdo e preventivo adequado aos atletas.
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