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PREFACIO

A presente dissertagdo estrutura-se da seguinte forma:

- Introducéo contendo informacgdes globais sobre a pesquisa realizada, incluindo uma
revisao de literatura sobre o tema estudado, a formulagao das hipéteses, delimitagdes do
estudo e os objetivos da pesquisa;

- Artigo proveniente do estudo realizado a ser submetido na revista Musculoskeletal
Science and Practice;

- Consideragdes Finais com sintese do trabalho e as explicagcbes de como 0 mesmo se

enquadra no eixo central do Programa de Pds Graduagao em Ciéncias da Reabilitagdo da

UFMG.



RESUMO

A medida clinica do alinhamento antepé-perna (AAP) tem demonstrado boa
capacidade preditiva da amplitude e duragao da pronacido do pé durante atividades em
cadeia fechada. A alteracido desse movimento do pé tem sido associada a lesbes de
membros inferiores. No entanto, ndo se sabe quais componentes musculoesqueléticos
influenciam essa medida clinica. E provavel que a medida do AAP, represente a
resisténcia dos tecidos moles do complexo articular do mediopé (CAM) a inversao do
antepé. O presente estudo investigou se a resisténcia do CAM a inversao do antepé esta
relacionada com a medida clinica do AAP. Quarenta e seis individuos saudaveis (27
homens e 19 mulheres) com idade de 26,4 +5,3 anos participaram deste estudo. O AAP
foi mensurado através do processamento de fotos. Um instrumento denominado
Torsimetro com um torquimetro e um potenciémetro foi utilizado para medir a resisténcia
do CAM. Coeficientes de correlacdo de Pearson e Spearman foram calculados para
investigar associagdes entre cada variavel de resisténcia do CAM e o AAP (a = 0,05).
Regressobes lineares multiplas foram realizadas para testar se as variaveis de resisténcia
do CAM contribuem de forma complementar para explicar os valores do AAP (a = 0,05).
Os resultados demonstraram correlagdes moderadas significativas do AAP com torque
absoluto maximo (r = -0,334, p = 0,023), rigidez maxima absoluta (r = -0,314, p = 0,007) e
posicao de repouso (r = 0,395, p = 0,007). Os modelos de regressdo mostraram que as
variaveis combinadas de resisténcia do CAM explicaram de forma significativa e
moderada os valores do AAP (0,189=<r2<0,202; 0,008<p=<0,011). Nos modelos de
regressao, as variaveis independentes ndo apresentaram contribuicbes complementares
para a explicacao do AAP, uma vez que apenas a variavel posicao de repouso apresentou
coeficiente significativo. Os resultados demonstraram que a medida clinica do AAP é
influenciada pela resisténcia proporcionada pelos tecidos moles do CAM a inversao do

antepé: sendo maior a resisténcia, menor o AAP. Estes resultados suportam a idéia de



que a medida do AAP prediz a pronagao do pé em cadeia fechada porque reflete a

resisténcia mecanica a inversao do antepé fornecida pelos tecidos moles do CAM.

Palavras-chave: alinhamento antepé-perna, medida clinica, resisténcia a inversao,

mediopé, tecidos moles.



ABSTRACT

The clinical measure of forefoot-shank alignment (FSA) predicts the amount of foot
pronation during weight-bearing tasks, which may be related to lower limb injuries. FSA
might reflect the mechanical resistance of the midfoot joint complex (MFJC) to forefoot
inversion, which is a component of weight-bearing foot pronation. This study investigated if
MFJC resistance to inversion is related to the FSA. Forty-six healthy individuals (27 males;
19 females) with mean age of 26.4 years (SD 5.3) participated. In this study, FSA was
measured with photographs. The mechanical resistance of the MFJC to inversion was
measured using the Torsimeter, which is an equipment with a torque meter designed to
assess midfoot resistance torque and stiffness. Correlation coefficients were calculated
between each MFJC resistance variables and the FSA (0=0.05). Multiple linear
regressions were performed to test whether MFJC resistance variables collectively explain
FSA). There were significant moderate correlations of FSA with maximum absolute torque
(r=-0.334, p=0.023), maximum absolute stiffnes (r=-0.314, p=0.007) and resting position
(r=0.395, p=0.007). Regression models showed that combined MFJC resistance variables
significantly and moderately explained FSA values (0.189<r2<0.202; 0.008<p<0.011). In
the regression models, only resting position significantly explained FSA. Therefore, the
MFJC variables did not show complementary contributions to the explanation of FSA. The
mechanical resistance of the MFJC to forefoot inversion is associated to FSA: the greater
the resistance, the smaller the FSA. These results support the idea that the FSA measure
is associated to weight-bearing foot pronation because it partially reflects the mechanical

resistance to forefoot inversion provided by the MFJC soft tissues.

Keywords: forefoot-shank alignment, clinical measure, mechanical resistance, midfoot, soft

tissues.
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1. INTRODUGAO

A pronagcdo e a supinagdo sao movimentos que permitem que o complexo
tornozelo-pé (CTP) desempenhe fungdes como absor¢cdo da forca de reagdo do solo,
adaptacao a diferentes superficies e impulsdo do membro inferior a frente durante
atividades como a caminhada e a corrida (NEUMANN, 2006). Embora a pronagao do pé
seja um componente natural do ciclo da marcha, o aumento ou a redugdo desse
movimento pode ser prejudicial (ZHANG et al., 2017), uma vez que pode contribuir para o
aumento do estresse em tecidos do sistema musculoesquelético e consequentemente,
para o desenvolvimento de processos e condi¢des patoldgicas e disfuncionais (MUELLER
& MALUF, 2002; FONSECA et al., 2007). A pronacao excessiva do CTP apresenta
associagao com lesdes como tendinopatia do calcaneo (BECKER et al., 2017), sindrome
do estresse tibial medial (SHARMA et al., 2010), dor fémoro-patelar (POWERS et al.,
2012), osteoartrite do quadril em idosos (GROSS et al.,, 2007) e dores lombopélvicas
(MENZ et al., 2013; O'LEARY et al., 2013). Por outro lado, a pronagdo reduzida é
associada a fascite plantar e entorse lateral de tornozelo (WILLIAMS et al., 2001), fratura
por estresse na perna, pé e tornozelo (KORPELAINEN et al., 2001) e sindrome da banda
iliotibial (LOUW et al., 2014). Considerando que o aumento e a redugado de pronagao do
pé durante atividades em cadeia fechada estdo associados a ocorréncia de lesdes em
membros inferiores (BANWELL et al., 2014; NEAL et al., 2014), medidas clinicas que
identifiquem os fatores causais e que predigam esses movimentos sdo de grande
relevancia clinica.

O aumento ou reducédo da pronagao do CTP podem estar associados a fatores,
localizados no CTP (MCPOIL & KNECHT, 1985; TIBERIO, 1988; SIMONEAU, 2002), e a
fatores localizados em areas distantes do CTP (MYER et al., 2006; SNYDER et al., 2009;
EARL & HOCH, 2011). Alinhamentos anatémicos em varo e valgo, no pé e na perna,

levariam ao aumento e a redugdo da pronagado, respectivamente (MICHAUD, 1993;
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DONATELLI et al., 1999). Além de fatores relacionados com o alinhamento do CTP, maior
mobilidade de inversao da articulagdo médio-tarsica e de dorsiflexdo dos raios mediais do
pé (especialmente do primeiro raio) estariam relacionadas com maior pronagao (ROOT et
al., 1977; MICHAUD, 1993; ALLEN et al., 2004). Dessa forma, o menor torque produzido
pelos musculos inversores do tornozelo contribuiria para maior pronagao do pé (KITAOKA
et al., 1997; POHL et al., 2010). Além disso, superficies inclinadas (SOUZA et al., 2009;
JONES et al.,, 2013; RESENDE et al., 2015) e também o tipo de calgcados utilizados
(HOFFMAN et al., 2015) podem influenciar na pronagédo e supinagao do CTP. Fatores
proximais também podem influenciar na cinematica do CTP, devido ao acoplamento da
rotacdo medial e lateral do quadril com os movimentos de eversao e inversao do retropé
(variavel normalmente utilizada para mensurar a pronagdo e supinagdo do pé),
respectivamente (POHL et al., 2006; KHAMIS & YIZHAR, 2007; POHL et al., 2007; POHL
& BUCKLEY, 2008; SOUZA et al., 2010). Dessa forma, é possivel que a mecanica do
quadril no plano transverso influencie 0 movimento e a postura do pé, em cadeia fechada
(MANN, 1982; LEIGHTON, 2006; FONSECA et al., 2007). O aumento da mobilidade de
rotacdo medial do quadril também foi associado ao aumento da eversdo do retropé
durante a marcha e a postura em ortostatismo (SOUZA et al, 2014). Snyder e
colaboradores, por exemplo, demonstraram que o fortalecimento dos musculos rotadores
laterais e abdutores do quadril resultou em redugao da amplitude de eversao do retropé,
durante a corrida (SNYDER et al., 2009). Assim, considerando os varios fatores distais e
proximais que podem influenciar na pronacgao-supinagdo do CTP, conclui-se que esse
movimento possui um carater multifatorial.

A natureza multifatorial do movimento de pronacgao-supinacdo do CTP, em
atividades em cadeia fechada, dificulta que estudos encontrem relagcbes simples de
fatores distais e proximais isolados, mensurados na clinica e em laboratério, com a

cinematica do CTP. Nesse sentido, a literatura aponta resultados inconsistentes ou
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contraditorios em relacédo a existéncia dessas relagdes. Para alinhamento ésseo, por
exemplo, alguns autores identificaram que o alinhamento do antepé é um pobre preditor
dos movimentos do retropé (HAMILL et al., 1989; MCPOIL & CORNWALL, 1996;
CORNWALL et al., 2004), para mobilidade do pé, Cornwall e colaboradores (2006) e Allen
e colaboradores (2004) demonstraram que pés com hipomobilidade do primeiro raio
apresentaram maior eversao do retropé comparado com pés com hipermobilidade do
primeiro raio, e também para a agdo dos musculos inversores do pé, Christina e
colaboradores (2001) encontraram que a fadiga desses musculos ndo alterou a
cinematica do retropé durante a corrida (FELTNER et al., 1994; CHRISTINA et al., 2001,
SNOOK, 2001; KARATSOLIS et al., 2009; POHL et al., 2010). Esses resultados
inconsistentes n&o permitem ainda chegar em um consenso de quais fatores estédo
relacionados, isoladamente ou combinados, com a pronagao-supinagao do CTP.

Apesar da dificuldade em identificar os fatores isolados que estao relacionados
com a cinematica do CTP, estudos recentes tém demonstrado que algumas medidas
clinicas sao capazes de predizer a quantidade e tempo de pronagdo do CTP durante
atividades em cadeia fechada (MONAGHAN et al., 2013; MONAGHAN et al., 2014,
SOUZA et al.,, 2014; CRUZ, 2017). Essas medidas quantificam a posicao em cadeia
aberta do antepé (linha que conecta as porgdes inferiores das cabegas metatarsais), no
plano frontal, em relacdo a uma referéncia vertical como a perna ou a maca, com 0
individuo em decubito ventral. A medida que usa a perna como referéncia, chamada de
alinhamento antepé-perna (AAP) (MENDONCA et al., 2013; SOUZA et al., 2014), foi
proposta para mensurar uma combinacdo entre o alinhamento anatémico do antepé, do
retropé e da perna e a resisténcia passiva oferecida pelos tecidos do complexo articular
do mediopé (CAM), no plano frontal (MENDONCA et al., 2013; SOUZA et al., 2014). O
uso desse tipo de medida demonstrou que maiores angulos de inversdo do antepé (em

relacdo a perna ou a maca) estao relacionados com o aumento da pronagao do complexo
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tornozelo-pé durante a postura ortostatica (SOUZA et al., 2014), durante a marcha
(MONAGHAN et al., 2013; SOUZA et al., 2014; CRUZ, 2017) e a corrida (MONAGHAN et
al., 2014). Entretanto, apesar da capacidade preditiva demonstrada, ndo se sabe quais
componentes musculoesqueléticos influenciam no AAP em cadeia aberta.
Especificamente, ndo se sabe se essa medida clinica reflete os componentes de
alinhamento 6sseo ou de resisténcia passiva articular que ela se propde a medir. Isso
interfere na escolha de intervengdes clinicas propostas para modificar a postura e o
movimento do CTP em cadeia fechada, nos casos em que ha alteracdo desse movimento
na presenca de aumento ou reducdo dos valores obtidos a partir da medida clinica do
AAP.

A posigao do antepé em inversdo no plano frontal, em cadeia aberta, geralmente
em relacdo ao calcaneo, tem sido denominada varismo do antepé (ROOT et al., 1977,
GARBALOSA et al., 1994). Por muitos anos, acreditou-se que o varismo do antepé
originava-se estritamente de uma deformidade éssea inalteravel do talus, constituindo
uma deformidade éssea (STRAUS, 1927; BOHM, 1929; HLAVAC, 1970; SGARLATO,
1971). No entanto, estudos tém demonstrado que o alinhamento em varo do antepé é
decorrente de uma deformidade possivelmente alteravel de tecidos moles do CAM
(MCPOIL et al., 1987; LUFLER et al., 2012). Isso indica que medidas da posi¢ao do
antepé no plano frontal, em cadeia aberta, como a medida do AAP, sdo influenciados
pelos tecidos moles do CAM, o que coincide com a proposta dessa medida clinica. Nela,
o individuo é orientado a manter o tornozelo na posigao de 0 graus (angulo reto) no plano
sagital, o que exige contragdo isométrica dos dorsiflexores, sendo o tibial anterior o
principal deles que, por sua vez, inverte o antepé (NEUMANN, 2006). Dessa forma, o
antepé ficaria mais ou menos invertido de acordo com a resisténcia oferecida pelos
tecidos moles do CAM ao movimento de inversao (MENDONCA et al., 2013; SOUZA et

al., 2014). Essa resisténcia a inversdo do antepé em relagdo ao retropé pode estar
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relacionada com a resisténcia oferecida a pronacdo do CTP em cadeia fechada, como
teoricamente sugerido por Souza e colaboradores (2014a, 2014b). Assim, a capacidade
de predizer a cinematica do CTP, da medida do AAP (MONAGHAN et al., 2013;
MONAGHAN et al., 2014; SOUZA et al., 2014; CRUZ, 2017), pode ser, em parte, devido a
sua possivel relagcdo com a resisténcia oferecida pelos tecidos moles do CAM ao
movimento de inversdo do antepé. Entretanto, ainda ndo existem evidéncias sobre essa

possivel relagao.

1.1 Objetivos

O objetivo principal deste estudo foi investigar se existe relacdo entre a medida
clinica antepé-perna com variaveis relacionadas a resisténcia passiva do CAM a inversao
do antepé em relac&o ao retrope.
Os objetivos especificos deste estudo foram:

(1) Investigar se a medida do AAP ¢ influenciada pelas propriedades passivas do
CAM: torque passivo maximo de resisténcia a inversao do antepé em relagado ao retropé,
rigidez passiva maxima relacionada a resisténcia a inversdo e a posi¢gao de repouso do
CAM em que o torque passivo € igual a zero.

(2) Investigar se o torque passivo maximo de resisténcia a inversdo do antepé, a
rigidez passiva maxima relacionada a resisténcia a inversao do antepé e a posigao de

repouso do CAM, em conjunto, ajudam a explicar os valores da medida do AAP.

1.2 Hipéteses

As hipoteses desse estudo sdo: (1) a medida do AAP sera correlacionada com
propriedades passivas do CAM, sendo que quanto menor o torque passivo maximo de
resisténcia a inversdo do antepé, maior o AAP; (2) quanto menor a rigidez passiva

maxima relacionada a resisténcia a inversdo do antepé, maior o AAP; (3) quanto mais



deslocada para inversao a posicao de repouso do CAM, maior sera o AAP.

16
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2. ARTIGO

A ser submetido para a revista Musculoskeletal Science and Practice:
RELATION OF THE MECHANICAL PROPERTIES OF THE MIDFOOT JOINT COMPLEX
WITH THE CLINICAL MEASURE OF FOREFOOT-SHANK ALIGNMENT

Bruno Dayrell da Costa Paes
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ABSTRACT

The clinical measure of forefoot-shank alignment (FSA) predicts the amount of foot
pronation during weight-bearing tasks, which may be related to lower limb injuries. FSA
might reflect the mechanical resistance of the midfoot joint complex (MFJC) to forefoot
inversion, which is a component of weight-bearing foot pronation. This study investigated if
MFJC resistance to inversion is related to the FSA. Forty-six healthy individuals (27 males;
19 females) with mean age of 26.4 years (SD 5.3) participated. In this study, FSA was
measured with photographs. The mechanical resistance of the MFJC to inversion was
measured using the Torsimeter, which is an equipment with a torque meter designed to
assess foot resistance torque and stiffness. Correlation coefficients were calculated
between each MFJC resistance variables and the FSA (0=0.05). Multiple linear
regressions were performed to test whether MFJC resistance variables collectively explain
FSA). There were significant moderate correlations of FSA with maximum absolute torque
(r=-0.334, p=0.023), maximum absolute stiffness (r=-0.314, p=0.007) and resting position
(r=0.395, p=0.007). Regression models showed that combined MFJC resistance variables
significantly and moderately explained FSA values (0.189<r2<0.202; 0.008<p<0.011). In
the regression models, only resting position significantly explained FSA. Therefore, the
MFJC variables did not show complementary contributions to the explanation of FSA. The
mechanical resistance of the MFJC to forefoot inversion is associated to FSA: the greater
the resistance, the smaller the FSA. These results support the idea that the FSA measure
is associated to weight-bearing foot pronation because it partially reflects the mechanical

resistance to forefoot inversion provided by the MFJC soft tissues.

Keywords: forefoot-shank alignment, clinical measure, mechanical resistance, midfoot, soft

tissues.
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1. INTRODUCTION

Clinical measures of non-weight-bearing forefoot alignment in the frontal-plane
(HOLT & HAMILL, 1995; MENDONCA et al., 2013; MONAGHAN et al., 2013;
MONAGHAN et al., 2014; SOUZA et al., 2014) used in clinical settings predict the amount
of foot pronation during orthostatic posture (SOUZA et al., 2014), walking (MONAGHAN et
al., 2013; SOUZA et al., 2014), and running (MONAGHAN et al., 2014). Both increased
and reduced foot pronation have been associated with different orthopedic conditions. For
example, increased foot pronation has been associated with calcaneus tendinopathy
(BECKER et al., 2017), medial tibial stress syndrome (SHARMA et al., 2010; NEAL et al.,
2014), anterior knee pain (POWERS et al., 2012; NEAL et al., 2014), hip osteoarthritis in
older adults (GROSS et al., 2007) and lumbar-pelvic pain (MENZ et al., 2013; O’'LEARY et
al., 2013). Reduced foot pronation has been associated with plantar fasciitis and lateral
ankle sprain (WILLIAMS et al., 2001), foot, ankle and shank stress fracture
(KORPELAINEN et al., 2001) and iliotibial band syndrome (LOUW et al., 2014). Therefore,
studies that investigate the factors that influence forefoot alignment may improve the
interpretation of clinical measures that predicts foot pronation.

Theoretical approaches and evidence suggest that multiple factors influence the
magnitude of foot pronation during weight-bearing tasks, including distal factors, located at
the foot-ankle complex (FAC), such as the foot and shank varus alignment (MICHAUD,
1993; DONATELLI et al., 1999) and greater mobility of the mid-tarsal joints and the first ray
(ROOQOT et al., 1977, MICHAUD, 1993; ALLEN et al., 2004), and proximal factors, such as
increased hip internal rotation mobility (SOUZA et al., 2014) and hip muscles strength
(SNYDER et al., 2009). This multifactorial nature would make it difficult to consistently
identify predictors of the magnitude of foot pronation, which seems to result in
contradictory findings such as the findings related to measures of forefoot varus (e.g.

forefoot alignment relative to the calcaneus) (HAMILL et al., 1989; MCPOIL &
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CORNWALL, 1996; CORNWALL et al., 2004). For example, Mcpoil & Cornwall (1996),

have found that forefoot varus is a poor predictor of rearfoot kinematics. Differently, recent
studies have been consistently observing that larger forefoot inverted alignment relative to
a global vertical are related to increased foot pronation (MONAGHAN et al., 2013;
MONAGHAN et al., 2014; SOUZA et al., 2014). This draws attention to this type of
measure and to the body components that are being revealed when this type of measure
is used.

One of the measures that quantify the inversion alignment of the forefoot relative to
a global vertical is the forefoot-shank alignment (FSA). The angle obtained by this
measure may be influenced by the soft tissues of the midfoot joint complex (MFJC) and
the mechanical resistance they provide against forefoot inversion (MENDONCA et al.,
2013; SOUZA et al., 2014). During the FSA measurement, the individual is instructed to
maintain the ankle in neutral position in the sagittal plane, which requires ankle’s
dorsiflexors isometric contraction, the tibialis anterior being the most important. This
muscle is a forefoot invertor and consequently may invert the forefoot while contracting to
maintain neutral ankle position during the test. However, the amount of forefoot inversion
due to tibialis anterior contraction may depend on the amount of resistance provided the
MFJC soft tissues against forefoot inversion (MENDONCA et al., 2013; SOUZA et al.,
2014). This MFJC resistance to forefoot inversion may be related to the resistance offered
by the soft tissues to weight-bearing FAC pronation, as suggested by Souza et al. (2014).
Therefore, the capacity of this type of measure to predict the amount of foot pronation
(MONAGHAN et al., 2013; MONAGHAN et al., 2014; SOUZA et al., 2014), could be, in
part, due to its possible relationship with MFJC soft tissue resistance to forefoot inversion.
However, there is still no evidence for this hypothetical relationship. The aim of the present

study is to investigate the relationship between the mechanical resistance provided by the
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MFJC soft tissues to forefoot inversion and the clinical measure of FSA. We hypothesized

that larger FSA angles are related to lower MFJC resistance to forefoot inversion.

2. METHODS
2.1 Participants

Forty-six healthy individuals (27 males and 19 females) with mean age of 26.4
years (SD 5.3) participated in this study. The inclusion criteria were: (i) no history of injury
or any orthopedic surgery in the lower limbs; (ii) no use of foot orthoses; (iii) no sports
practice on the day of data collection (iv) presenting MFJC range of motion of 20° of
eversion to 50° of inversion. The exclusion criteria were: (i) reporting discomfort or pain
during the procedures; (ii) not being able to clearly relax the foot and ankle muscles during
at least one trial of the measurement of MFJC mechanical resistance to forefoot inversion
(iii) absence of acceptable smoothness on all three torsimeter data curves; (iv) presenting
a MFJC resistance torque smaller than 10 Nm (i.e. the maximum torque measured by the
device). Sample size was estimated with the G*Power software (FAUL et al., 2007), with
the following input data: correlation analysis, statistical power of 0.8, a moderate effect
size (r) of 0.4 (based on a pilot study mentioned bellow), with a two-tailed significance level
of 0.05 (PORTNEY & WATKINS, 2009), resulting in 44 participants. A pilot study with ten
participants was conducted to assess the intratester reliability of the clinical measures and
the measures representing the mechanical resistance of the MFJC to forefoot inversion.
These participants were evaluated twice, one week apart, and Intraclass Correlation
Coefficients (ICC) were calculated. All participants signed a consent form approved by the

University’s Ethics in Research Committee (CAAE 78785717.7.0000.5149).

2.2 Procedures

2.2.1 Measurement of forefoot-shank alignment
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Digital photographs of the foot were taken from above, with the participant in prone
(Fig. 1), using a digital camera (Nikon D-SLR D5000; Nikon Inc, Melville, NY). The
procedures were followed as proposed by Mendonga et al. (2013). Briefly, the leg was
fixed in neutral rotation so that the posterior aspect of the calcaneus was uppermost and
the medial malleolus was aligned with the inferior edge of a treatment table. A single
trained examiner performed all the trials. The participant’s ankle was passively positioned
at 0° of dorsiflexion by the examiner using light pressure over the third metatarsal head
and then it was actively sustained at this position by the participant. Three pictures were
taken. The FSA was measured as the angle between the forefoot and a line drawn on the

posterior aspect of the shank.

Insert_Figure_1_near_here

2.2.1 Measurement of the mechanical resistance of the MFJC to forefoot inversion

An instrument named Torsimeter - awaiting completion of the patent - (figure 2a, 2b)
which has a torque meter and a potentiometer was used to measure the resistance torque
and the angle of the MFJC. The participant was sitting in an adjustable chair with the
posterior aspect of the left lower leg and the calcaneus supported by the instrument’s boot.
The forefoot was held with an adjustable clamp, which is attached to the torque meter and
the potentiometer sensors. The potentiometer axis was aligned with the foot’s second ray,
which is the least mobile foot ray (MICHAUD, 1993) and consequently the approximate
axis for forefoot movement in the frontal plane. The Torsimeter forefoot clamp was
positioned immediately distal to the first metatarsal phalangeal joint so that the metatarsal
heads were firmly attached to it (figure 2b). Velcro strips were used to fix the shank inside
the boot (figure 2b). Clamps for the distal shank, calcaneus and metatarsal heads were

used to hold them tight (figure 2a). Only the MFJC was free to move. After the
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adjustments, the participant was oriented to maintain the lower leg and foot completely
relaxed during all the procedures and to let the examiner know whether he/she felt any
discomfort or pain. The examiner moved the participant’s forefoot to 20° of eversion (-) and
then to 50° of inversion (+), at a slow angular velocity of 2°/s (using a real-time check
method), to prevent muscle contractions (NORDEZ et. al, 2006). Three trials were
performed to accommodate the soft tissues at the MFJC and then three valid trials were
collected. The torque data was displayed in real time and the trial was interrupted and
discarded if any peak on the torque/angle curve was visually perceived or if any movement
proximally or distally from the MFJC was observed, such as tibial rotation, calcaneus
eversion/inversion or the forefoot sliding inside the forefoot clamp. The torque values and
the angular position of the MFJC were recorded at 100Hz using the software LabVIEW®.
The torque was collected at the range -20° to 50°, which was defined in the pilot study as
the range of motion available for all participants. Although there was not a measure of
muscle activity, caution was taken to exclude trials with any sign of muscle contraction, as

explained above and in the next section.

Insert_Figure_2 near_here

2.3 Data Processing

Torque vs angle data was filtered with a Chebyshev 3rd order, low-pass filter with a
4Hz cutoff frequency. A smoothness analysis was carried out for each torque vs angle
curve, to identify trials with greater irregularities, which were more likely to have been
influenced by muscle contraction. Irregularities were defined as high change rates in curve
slopes. Frame to frame slopes of each curve were calculated (Nm/°). Then, change rates
in slopes were expressed as the slope of one frame to frame interval in percent of the

slope of the previous interval. Curves with high slope change rates were considered too
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irregular and, consequently, invalid. To define curves with high slope change rates, a
quartile analysis was performed for the rate values of all curves from all participants. The
highest acceptable change rate value was defined as the third quartile (percentile 75%),
which was equal to 18%. Therefore, all the curves with a slope change rate higher than
18% was excluded. From 144 trials, 34 were excluded, resulting in 110 valid trials. Two
subjects were excluded from the study because the curves of their three trials were

excluded. Figure 3 shows the mean torque x angle curve from all participants.

Insert_Figure_3 near_here

2.4. Data Reduction

For the clinical measure FSA, the mean score of the three measures were
calculated and used for statistical analysis. In a pilot study with ten participants, the
examiner demonstrated good intra-rater reliability, with ICC of 0.87 (C195%: 0.476-0.968)
and a standard error of measurement (SEM) of 1,91° (PORTNEY & WATKINS, 2009). The
variables extracted from the MFJC torque vs. angle curves during forefoot inversion were:
maximum absolute torque, maximum absolute stiffness and resting position. The
maximum absolute torque (Nm) of the MFJC was calculated as the maximum value of the
torque curve. The maximum absolute stiffness (Nm/°) was calculated as the maximum
instantaneous slope of the torque vs. angle curve, in MATLAB® 2015b using the 4th order
polynomial method (NORDEZ et. al, 2006). This method fits each torque vs angle curve
with a 4t order polynomial and calculates the curve stiffness from the polynomial
coefficients. Through this method, it was possible to obtain the polynomial coefficients that
was the best fit (in a least-squares sense) for the torque data, and the slope was given by
the formulae: 4 x c(1) x a3 + 3 x c(2) x a2 + 2 x ¢(3) x a + c(4), where the c1 to c4 are the

polynomial coefficients in a respective angle (a). The resting position was defined as the
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angle (°) in which the quasi-passive torque was zero. As the resting position of a joint
complex constitutes an equilibrium position between antagonistic soft tissues (SOUZA et
al., 2009), it is expected that lower torques provided by the MFJC tissues that resist
forefoot inversion will be associated with a more inverted resting position. The mean value
of the three repetitions were computed for the three MFCJ resistance variables. The ICC
for maximum absolute torque, maximum absolute stiffness and resting position were 0.94
(CI95%: 0.78-0.98; SEM=0.21 Nm), 0.96 (CI95%: 0.84-0.99; SEM=0.01 Nm/°) and 0.82
(C195%: 4.95-10.09; SEM=1.88°), respectively, which were considered good and excellent
(PORTNEY & WATKINS, 2009). One mean curve was obtained from all valid torque vs.

angle curves, for description.

2.5 Statistical Analyses

Normality of data distribution was verified with the Shapiro-Wilk test and Pearson
(for maximum absolute torque) and Spearman (for maximum absolute stiffness and resting
position) correlation analyses were performed. The correlation coefficients were calculated
to investigate associations between each MFJC resistance variable and the FSA. The
significance level was set at 0.05.

Multiple linear regressions were carried out to test whether MFJC resistance
variables (independent variables) contribute complementarily to explain the values of FSA
(dependent variable). The pre-planned regression model was: maximum absolute torque +
maximum absolute stiffness + resting position = FSA. Prior to the regression analyses, a
correlation analysis checked for collinearity between the independent variables of each
pre-planned regression model. We considered two independent variables as collinear
when their correlation (r) was above 0.7. There was collinearity between maximum
absolute torque and maximum absolute stiffness (r = 0.940, p = 0.000) (table 1), which

indicated that these variables should not be included in the same regression model. From
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the pre-planned regression, two different regressions were performed: (1) maximum
absolute torque and resting position; (2) maximum absolute stiffness and resting position.
Prior to regression analyses, normality of residuals distributions was verified through the
analyses of the normal Predicted Probability (P-P) plot and all distributions were normal.

The significance level was set at 0.05 for all analyses.

Insert_Table 1 _near_here

3. RESULTS

There were significant moderate (COHEN, 1988; COHEN, 1992) and negative
correlations of FSA with maximum absolute torque (r = -0.334, p = 0.023), maximum
absolute stiffness (r = -0.314, p = 0.007), and a significant moderate and positive
correlation of FSA with resting position (r = 0.395, p = 0.007) (table 2).

The multiple regression analyses showed significant and moderate (COHEN, 1988;
COHEN, 1992) explanations for the FSA: (1) maximum absolute torque and resting
position (r2 = 0.189, p = 0.011, 2= 0.233); (2) maximum absolute stiffness and resting
position (r2 = 0.202, p = 0.008, 2= 0.253). Table 3 shows the coefficients of determination
and significance of the models. Although all independent variables were individually
correlated with FSA values, in both regressions, the independent variables did not show
independent and complementary explanations for FSA, since only the resting position

variable had a significant coefficient (table 3).

Insert_Table 2 and Table 3 near_here

4. DISCUSSION
This study demonstrated that increased forefoot inversion alignment was

moderately associated with reduced MFJC mechanical resistance to forefoot inversion.
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Specifically, increased forefoot inversion alignment was associated with reduced maximum
torque and reduced maximum stiffness. Further, higher (more inverted) FSA was
associated with higher (more inverted) resting position. In addition, multiple regression
analyses showed that maximum absolute torque and resting position, and maximum
absolute stiffness and resting position explained 18,9% and 20,2% of the variation in the
FSA, respectively. In the multivariate model, after taking into account resting position, the
other variables did not contribute to explain FSA.

The clinical measure of FSA was associated to the resistance provided by the
MFJC soft tissues. The contraction of the tibialis anterior (i.e. the main ankle dorsiflexor)
required to maintain ankle neutral position (0° of dorsiflexion) during the FSA measurement
tends to invert the forefoot (NEUMANN, 2006). Therefore, lower MFJC resistance to
forefoot inversion will lead to more forefoot inversion in the FSA measure. However, other
factors may influence FSA, such as bone alignment components (ROOT et al., 1977;
MICHAUD, 1993; DONATELLI et al., 1999), which might help to explain the moderate size
of the correlation found between MFJC mechanical resistance and FSA.

In the regression analyses, the variables related to MFJC mechanical resistance
are not complementary in explaining FSA variance. In both regressions models, only the
resting position significantly explained the FSA. This consistent finding emphasizes the
relationship between resting position and FSA. MFJC resting position is an angular
measure. Therefore, it is closely related to the FSA measure. Considering that torque,
stiffness and resting position were individually correlated to FSA, it means that the
independent variables in the regression models explained similar portions of the FSA
variance. Although the independent variables were not considered collinear based on the
cutoff correlation coefficient of 0.7, they still presented significant bivariate correlations
among each other (-0.268 < r < -0.432) (Table 1), which may help to explain why only one

variable predicted FSA values.
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The present findings showed that the clinical measure of FSA is moderately
associated to the mechanical resistance of the MFJC soft tissues. Therefore, the MFJC
resistance to forefoot inversion may mediate the relationship between weight-bearing foot
pronation and non-weight-bearing forefoot inversion position demonstrated by previous
studies (MONAGHAN et al., 2013; MONAGHAN et al., 2014; SOUZA et al., 2014). During
closed kinematic tasks, with the whole forefoot on the ground, foot pronation,
characterized by rearfoot eversion, is accompanied by motions at the MFJC (NEUMANN,
2006; LUNDGREN et al., 2008). These motions permit the metartarsal heads, as a unit, to
invert relative to the rearfoot and stay horizontally supported. Thus, the MFJC resistance
to forefoot inversion may also resist rearfoot eversion during weight-bearing tasks (SOUZA
et al., 2014). Additionally, the consistent relationship between FSA and MFJC resting
position points to the idea that FSA reflects the open-chain position of the forefoot before it
contacts the ground in support phases of weight-bearing tasks (MONAGHAN et al., 2013;
MONAGHAN et al., 2014). Monaghan et al., (2013; 2014) observed that the more inverted
the forefoot before ground contact, the greater the foot pronation during the stance phase
of walking and running.

Traditional clinical measures of forefoot alignment (commonly named as measures
of forefoot varus) quantify the open-chain, frontal-plane forefoot position relative to the
calcaneus, in an attempt to measure bone shapes assumed as the origin of this alignment
(ROOT et al., 1977; MICHAUD, 1993; DONATELLI et al., 1999). However, previous
studies have demonstrated contradictory findings regarding the ability of these forefoot
varus measures to explain foot pronation during weight-bearing tasks (HAMILL et al.,
1989; MCPOIL & CORNWALL, 1996; CORNWALL et al., 2004). For example, Mcpoil &
Cornwall (1996) have found that forefoot alignment is a poor predictor of rearfoot
movement during gait, while Donatelli et al., (1999) and Silva et al., (2014) reported

opposite findings. On the other hand, recent studies have consistently shown that FSA
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measures are related to foot pronation (MONAGHAN et al., 2013; MONAGHAN et al.,

2014) and related movements, such as dynamic knee valgus (MCCLAY & MANAL, 1998;
HEWETT et al., 2006; JOSEPH et al., 2008; BITTENCOURT et al., 2012). Differently from
the FSA measure, Monaghan et al. (2013, 2014) used the treatment table as the reference
for the forefoot alignment, but both measures are very similar, since the shank was
vertically oriented relative to the table. These measures probably quantify the combination
of multiple factors that may influence foot pronation during weight-bearing tasks, such as
bone alignment and soft tissues mechanical resistance. Thus, it is possible that increased
forefoot inversion alignment reflects a combination of factors that favors increased foot

pronation.

A limitation of the study should be acknowledged. We did not guarantee that foot
intrinsic muscles were not active during the measurements of MFJC mechanical
resistance. However, the careful procedures for the measurement of MFJC torque (e.g. the
slow speed of forefoot inversion (i.e. 2 °/s) and the MFJC torque time-series showing a
typical passive torque pattern (CHINO & TAKAHASHI, 2015; MUANJAI et al., 2017)
suggest that the foot muscles were not active or were minimally active during data

collection.

5. CONCLUSION

The clinical measure of FSA is associated to the MFJC mechanical resistance to
inversion in the directions expected: the more inverted the alignment in the clinical
measure, the smaller the torque and stiffness and the more inverted the resting position.
Therefore, the FSA reflects not only the structural bone alignment but also the tissues

passive properties of the MFJC.
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Table 1. Collinearity between the independent variables

Maximum abs Maximum abs Resting

torque stiffness position.
Maximum abs torque (r) 1 .940* -.432*
(p) .000 .003
Maximum abs (r) .940* 1 -.268
stiffness (p) .000 .072
Resting position. (r -.432* -.268 1
(p) .003 072

Abs = absolute.
*. The correlation is significant at the 0.05 level (2 tails).



Table 2. Correlation between forefoot-shank alignment and the mechanical
resistance of the MFJC

Maximum abs Maximum abs Resting position
torque (S) stiffness (P) (P)

Forefoot P /S (r) -.365* -.314* .395%
-shank  Significance (p) .013 .007 .007

Abs = absolute.

*. The correlation is significant at the 0.05 level (2 tails).
P = Pearson correlation.

S = Spearman correlation.
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Table 3. Coefficients and significance of each MFJC variable in explaining the

forefoot-shank angle.

I Standardized p re p
1) coefficient regression
Resting angle 332 .308 .050* 189 .011*
Maximum abs torque -.600 -.201 193
Resting angle .361 335 .023* .202 .008*
Maximum abs stiffness -14.43  -224 121

3: beta coefficient.

Standardized R: standardized beta coefficient, which represents the explanation weight of
each independent variable (MFJC resistance variables).

p: significance for each independent variable.

* Statistically significant (p < 0.05).

p regression: significance of each regression model



Figure 1: Positioning at 0° of dorsiflexion for photographic register.
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Figure 2: Torsimeter instrument. A) Lateral view. B) Superior view.
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Figure 3: Mean torque vs. angle curve from all participants. The shaded area represents

one standard deviation above and under the mean.
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Angle (°)
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3.  CONSIDERAGOES FINAIS

O desenvolvimento desse estudo acrescenta informacgdes relevantes ao corpo de
conhecimento por se tratar da relagao de propriedades mecanicas do complexo articular
do mediopé com a medida clinica antepé-perna. Além disso, o estudo usou uma medida
inovadora da resisténcia mecanica dada pelos tecidos do complexo articular do mediopé,
utilizando o torsimetro. Especificamente, valores mais baixos das variaveis de resisténcia
do mediopé a inversao do antepé, como torque e rigidez passivos, estdo associados a
maiores valores do angulo antepé-perna. Além disso, quanto mais deslocada para
inversao € a posi¢cao de repouso do complexo articular do mediopé maior é o angulo
antepé-perna. Os resultados desse estudo reforgam a relevancia do complexo articular do
mediopé para a medida antepé-perna, medida que apresenta boa capacidade de predizer
quantidade e tempo de pronacédo do complexo tornozelo-pé durante atividades em cadeia
fechada. Dessa forma, em contextos clinicos, intervencdes direcionadas a mudancga da
resisténcia passiva do mediopé a inversdao do antepé poderiam contribuir para alterar a
cinematica do pé. Porém, ainda se trata de hipoteses que precisam ser investigadas em
estudos futuros, assim como a relagdo entre a resisténcia do complexo articular do
mediopé com a cinematica. Além disso, novos estudos sdo necessarios para o
desenvolvimento de medidas da resisténcia oferecida pelos tecidos moles do complexo

articular do mediopé viaveis em ambientes clinicos.
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APENDICE A

Termo de Consentimento Livre e Esclarecido

Titulo do estudo: RELAQAO DE PROPRIEDADES QUASE-PASSIVAS DO COMPLEXO
ARTICULAR DO MEDIOPE COM A MEDIDA CLINICA DO ANGULO ANTEPE-PERNA.

Investigador principal: Bruno Dayrell da Costa Paes
Orientador: Prof. Dr. Thales Rezende de Souza
Co-orientador: Prof. Dr. Renan Alves Resende

Gostariamos de convida-lo a participar deste estudo. Nosso objetivo € investigar se existe
relacdo entre o alinhamento e a rigidez do seu pé.

Local: Esta pesquisa sera realizada no Laboratério de Analise do Movimento (LAM) da
Escola de Educacao Fisica, Fisioterapia e Terapia Ocupacional da Universidade Federal
de Minas Gerais (EEFFTO-UFMG).

Procedimentos da pesquisa: Os procedimentos desta pesquisa serdo realizados em um
unico dia, com horario previamente agendado, com duragcdo média de uma hora.
Inicialmente, serdo medidos o0 seu peso e altura em uma balanga. Logo apds, vocé
deitara em uma maca, de barriga para baixo, iremos tragar uma linha em sua perna e em
seu calcanhar, utilizando uma caneta especifica para isso. Uma haste pequena metalica
sera apoiada na sola do pé, abaixo dos dedos com uma fita adesiva micropore
hipoalergénica. Em seguida, usando uma camera fotografica, iremos tirar 3 fotos da sua
perna e pé para medirmos alguns angulos, utilizando um programa de computador para
analisar as fotos. Em seguida, vocé sera solicitado a sentar em uma cadeira para
medirmos a rigidez do seu pé. Para isso, iremos utilizar um equipamento desenvolvido
para este fim, movimentando o seu pé, inicialmente trés vezes e, em seguida, por mais
trés vezes.

Riscos e desconfortos: Esta pesquisa oferece riscos e desconforto pequenos, tais
como:

- Leve irritagdo na sola do pé por causa da colocacdo e retirada da fita adesiva
micropore. Se ocorrer, o voluntario sera orientado a ndo cocgar o local. Esta irritacao
devera se resolver em poucos minutos.

- Leve desconforto no pé, que devera permanecer apenas durante os testes, por causa
da fixagdo do equipamento no pé e também pelos movimentos realizados. Caso ocorra,
este desconforto sera minimizado com tempo de descanso adequado.

Beneficios esperados: Ao término da pesquisa, vocé recebera um relatério contendo
todas as informacdes sobre o alinhamento e a rigidez do seu pé.

Além disso, os resultados obtidos nesta pesquisa irdo fornecer mais conhecimento para a
avaliagdo do alinhamento dos pés e também para tratamento em relagéo a rigidez dos
pés.

- Rubrica do pesquisador:

- Rubrica do voluntario:
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Confidencialidade: Sua participagcdao nesta pesquisa sera anb6nima. Vocé sera
identificado por um cdédigo formado por letras e niumeros. Seus dados pessoais, bem
como qualquer outra forma de identificacdo, ndo serao revelados em nenhum momento.
Apenas os pesquisadores envolvidos terdo acesso a essas informacgdes. Os dados serao
utilizados apenas para fins de pesquisa.

Recusa ou desisténcia da participagao: Sua participagcado nesta pesquisa é totalmente
voluntaria. Vocé podera desistir a qualquer momento, sem necessidade de justificativa e
sem qualquer prejuizo.

Gastos: Sua participagcdo nesta pesquisa nao Ihe acarretara nenhum gasto financeiro e
também nao |lhe sera pago nenhum valor.

Mais informacdes sobre a pesquisa poderao ser fornecidas pelos pesquisadores
responsaveis: Bruno Dayrell da Costa Paes (31 987631753) e Thales Rezende de Souza
(31 98813-0512). O Comité de Etica em Pesquisa UFMG (COEP) podera ser acionado
em caso de duvidas relacionadas a aspectos éticos.

Apos a leitura completa do presente documento, caso concorde em participar do
estudo, vocé devera assinar o termo de consentimento abaixo e rubricar todas as folhas
desse termo. Seréo assinadas duas vias; uma que ficara com vocé (participante) e a outra
com o pesquisador responsavel.

- Rubrica do pesquisador:

- Rubrica do voluntario:
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TERMO DE CONSENTIMENTO

Declaro, para os devidos fins, que li e compreendi todas as informacdo acima. Todas as
minhas duvidas foram satisfatoriamente respondidas e eu concordo em ser voluntario
desta pesquisa.

Assinatura do Voluntario Data
Bruno Dayrell da Costa Paes - Mestrando Data
Dr. Renan Alves Resende Data
Dr. Thales Rezende de Souza Data

COEP — Comité de Etica em Pesquisa/UFMG
Av. Pres. Anténio Carlos, 6627 — Unidade Administrativa Il — 20. Andar —Sala 2005 —
Cep 31270-901- Belo Horizonte — MG / Telefax: (31) 3409-4592

Email: coep@prpg.ufmg.br



mailto:coep@prpq.ufmg.br
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APENDICE B
Ficha de identificagao do voluntario
UNIVERSIDADE FEDERAL DE MINAS GERAIS

ESCOLA DE EDUCACAO FIiSICA, FISIOTERAPIA E TERAPIA OCUPACIONAL
(EEFFTO)

Titulo do estudo: RELAQAO DE PROPRIEDADES QUASE-PASSIVAS DO COMPLEXO
ARTICULAR DO MEDIOPE COM A MEDIDA CLINICA DO ANGULO ANTEPE-PERNA.

Investigador principal: Bruno Dayrell da Costa Paes
Orientador: Prof. Dr. Thales Rezende de Souza
Co-orientador: Prof. Dr. Renan Alves Resende

ID do voluntario:
Sexo: () Feminino () Masculino
Idade:

Data de Nascimento:
Data da coleta de dados:

Se vocé fosse chutar uma bola, qual pé seria? Marque com um “X” abaixo:

Direito:_ Esquerdo:

Massa corporal: Kg

Altura: m

IMC: Kg/m2

Vocé apresenta alguma doencga/lesao ortopédica ou neurolégica ?
Nao: Sim: . Qual?

Vocé apresenta dor em alguma parte do corpo hoje?

Nao: Sim: . Onde?

Vocé realizou alguma cirurgia em coluna ou membros inferiores?

Nao: Sim: . Data e local da

cirurgia:

Vocé realiza atividade fisica ?

Nao: Sim: . Qual atividade e quantas vezes por semana?

Vocé praticou alguma atividade fisica hoje?
Nao: Sim: . Qual?

Vocé utilizou palmilhas ortopédicas?

Nao: Sim:
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