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Cadavers and in vivo studies have shown that cervical, thoracic and ankle movements cause 

changes in position and tension of peripheral nervous system (PNS). However, it is not clear if 

the head, trunk, and foot position affects torque-angle response of knee joint. The aim of this 

study was to compare the knee passive extension torque-angle response at different 

combinations of foot, trunk, and head testing position. Ten male subjects (with low maximum 

passive knee (PKE) extension flexibility) performed one repetition of a PKE with a velocity of 

2º.s-1 in six randomized experimental conditions: neutral position (N); maximal active ankle 

dorsiflexion (AD); maximal active cervical and thoracic flexion (CTF); and cervical and thoracic 

maximal flexion with ankle on maximal active dorsiflexion (CTFAD); maximal cervical extension 

with thoracic flexion (CETF); and maximal active cervical extension with thoracic flexion and 

ankle on maximal active dorsiflexion (CETFAD). Subjects were instructed to perform the 

maximum knee angle without feeling pain or discomfort. The visual analog scale (VAS) was 

used to access subject’s stretching intensity perception. Cervical and thoracic positions were 

performed with an articulate device specifically designed to this study. Knee angle was assessed 

by kinematic data 2D analysis. Passive torque (PT) was determined by measuring passive 

resistance to knee extension and leg length. A Biodex® was used to move the leg. 

Electromyography (EMG) was measure in order to assure complete passive condition during 

the stretching maneuvers. Data was synchronized and processed by a MATLAB® routine. It 

was observed that foot position affected stretch tolerance and PT for some testing positions 

(ankle shifting neutral to dorsiflexion). Head and trunk positions also affected PT at submaximal 

common knee angles (N vs CFT). Stretch discomfort and EMG response were unaffected by 

head, trunk and foot positions. No significant differences were seen between interaction of ankle 

and upper body positions for knee angle, PT, EMG and VAS. As a conclusion, knee passive 

torque-angle response was influenced by head, trunk and foot positions. Cervical and thoracic 

flexion increases PT during PKE movement. This matter should be considered at knee torque-

angle measures and in clinical tests of PNS mobilization and tension. 

 

Key words: Torque-angle, neurodynamics, stretching, slump test, flexibility 
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Estudos realizados em cadáveres e in vivo têm demonstrado que os movimentos da coluna 

cervical, torácica e tibiotársica provocam variações de posição e de tensão ao nível do sistema 

nervoso periférico (SNP). Contudo, não é claro se o posicionamento da cabeça, tronco e pé 

afecta a relação ‘momento-ângulo’ do joelho. O objectivo deste estudo foi comparar a relação 

‘momento-ângulo’ durante a extensão passiva do joelho (EPJ) em testes com diferentes 

combinações do pé, tronco e cabeça. Dez sujeitos (com défice de flexibilidade no teste EPJ) 

efectuaram uma repetição de EPJ, a uma velocidade de 2º.s-1, em seis condições 

experimentais aplicadas segundo uma ordem aleatória balançada: posição neutra (N); máxima 

dorsiflexão activa da tibiotársica (P); máxima flexão activa da coluna cervical e torácica (FCT); 

máxima flexão activa da coluna cervical e torácica e máxima dorsiflexão activa da tibiotársica 

(FCTP); máxima extensão activa da coluna cervical e máxima flexão activa da coluna torácica 

(ECFT); e máxima extensão activa da coluna cervical e máxima flexão activa da coluna torácica, 

e máxima dorsiflexão activa da tibiotársica (ECFTP). Os sujeitos foram instruídos a efectuar 

máxima amplitude de movimento (ADM) do joelho sem sentirem dor ou desconforto. A escala 

visual analógica (EVA) foi aplicada para avaliar a intensidade da percepção ao alongamento. 

Os posicionamentos da coluna cervical e torácica foram realizados com a ajuda de um 

dispositivo articulado concebido especialmente para este estudo. A ADM foi avaliada com 

recurso a análise cinemática 2D. O momento de força articular do joelho (MF) foi medido com 

um dispositivo desenhado para encaixar num dinamómetro (Biodex®) de forma a medir a 

resistência durante a EPJ. A actividade electromiográfica (EMG) dos músculos em 

alongamento foi medida para assegurar uma condição passiva no deslocamento da perna. Os 

dados recolhidos foram processados e sincronizados através de uma rotina MatLab®. Obervou-

se que a posição do pé pode afectar a tolerância ao alongamento  e o MF em algumas 

posicioções de teste (mudança da tibiotársica de posição neutra para dorsiflexão). As posições 

da cabeça e do tronco afectam o MF em AMD’s comuns submáximas (N vs FTC). O desconforto 

ao alongamento e a resposta EMG não foram afectados pelos posicionamentos da cabeça, 

tronco e pé. Não foram identificadas diferenças significativas entre a interacção dos factores 

posição da tibiotársica e posição do tronco superior para a ADM, MF, EMG e EVA. Concluiu-se 

que relação ‘momento-ângulo’ passiva do joelho é influenciada pela posição da cabeça, tronco 

e pé. A flexão da coluna cervical e torácica aumenta o MF durante o movimento de EPJ. Este 

resultado deverá ser tido em consideração em medidas de ‘momento-ângulo’ e em testes 

clínicos de mobilização e tensão do SNP. 

 

Palavras-chave: Momento-ângulo, neurodinâmica, alongamento, slump test, flexibilidade
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I. Introduction
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The production of muscle strength allows motion of members and maintenance of 

posture. Given the importance of these functions, it is conceivable that the study of all 

phenomena that regulates the musculoskeletal system (MSS) is a major challenge to 

science of human kinetics. In this context, the characterization of the mechanical properties 

of muscles has been helped researchers to understand better its behavior and some of its 

adaptive mechanisms in response to different stress (e.g. strength training protocols, aging, 

and neuromuscular disease). The mechanical behavior of muscle during contraction can be 

studied through some models which have the advantage of considering isolated muscle as 

well as that of an in vivo muscle group (e.g. Hill, 1938, 1951). 

Other methods of mechanical behavior of isolated muscle experiments have used 

conventional resources to study the muscle and its passive properties (e.g. can be made 

cycles of charge/discharge at different rates, relaxation and creep tests (Fung, 1983)). 

These tests consist in exposing the muscle to different stretching procedures and measure 

the tension developed in resistance to each stretch. Several studies have adjusted the 

model of Hill (1938, 1951) to make it compatible with experimental data obtained from 

muscles under passive conditions. These models describe passive mechanical properties 

of muscles: for example, they analyzed the incidence of genetic diseases (Anderson, Li, & 

Goubel, 2002; Wolff et al., 2006), various stretching protocols (Taylor, Dalton, Seaber, & 

Garrett, 1990) or simulate the response of muscle exposed to various stretch protocols 

(Speich et al., 2006). In vivo, it has been shown that it is possible to implement 

characterization protocols similar to those used on the isolated muscle. Passive mechanical 

properties of the musculoarticular complex (MAC) can be determined (Magnusson, 1998). 

However, this kind of methodology has mainly been used in clinical research studies in 

order to describe flexibility between different populations or changes in joint maximum range 

of motion (ROM) (Goubel & Lensel-Corbeil, 2003). Thus, the understanding of the passive 

properties behavior of MAC still unclear (i.e. very few models of the mechanical behavior of 

this system have been implemented in the literature among last years) and should continue 

to be studied. Furthermore, the properties of the MAC seem to be modified by external 

stress (e.g. as a result of stretching protocols in sport or in functional rehabilitation). 

However, the mechanical outcomes of stretching (i.e. acute and chronic effects) are 

somewhat inconsistent regarding literature and its potential mechanisms that could explain 

adaptations are yet poorly understand. Indeed, there is substantial evidence in the literature 

that the assessment of muscle mechanical properties allows a better understand of muscle 

function and the mechanisms responsible for muscle adaptations following acute or chronic 

intervention (Caiozzo, 2002; Goubel & Lensel-Corbeil, 2003). 
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Also, there has been an emergence in physical therapy of evaluation and intervention 

based on neurodynamics, the relationship between nerve physiology and nerve mechanics. 

To advance the clinical care of people with nerve injuries or mechanical impairment, first it 

is essential to understand peripheral nerve structure and plasticity according with its 

relationship and influence on the MAC. 

Flexibility is believed to be an important element of fitness. Consequently, the use of 

stretching exercises/protocols to improve flexibility is a widespread practice among athletes, 

both elite and recreational (Alter, 2004). They are widely used with the purpose to restore, 

maintain and increase flexibility (Alter, 2004; Gajdosik, 2001; Magnusson, 1998; Weppler & 

Magnusson, 2010). Stretching exercises to improve flexibility have often been associated 

with increased ROM, improved performance, and decreased muscle soreness. The acute 

effects of stretching on biomechanical properties and force production capacities of a 

muscle-tendinous complex (MTC) are a topic of continued interest to researchers. The 

literature contains controversial findings regarding the association between hamstring 

flexibility and the risk of injury. However, poor hamstring muscle flexibility  have been 

suggested to predispose to hamstring strain (Jönhagen, Németh, & Eriksson, 1994; 

Witvrouw, Danneels, Asselman, D’Have, & Cambier, 2003).   

Passive stretching exercises are commonly performed in sports and rehabilitation (Alter, 

2004; Gleim & McHugh, 1997). In humans the biomechanical properties of a MTC, including 

structures spanning the joint structures (i.e. skin, connective tissue, muscles and 

neurovascular structures) (Alter, 2004; Riemann, Demont, Ryu, & Lephart, 2001; Weppler 

& Magnusson, 2010), can be determined by the relationship between passive torque (𝑇)–

articular angle (𝜃) (i.e. usually torque-angle) developed in resistance to motion. Torque-

angle curves are classically characterized regarding literature (Gajdosik, 2001; Magnusson, 

1998; McNair, Hewson, Dombroski, & Stanley, 2002; Nordez, Casari, & Cornu, 2008; 

Nordez, Gennisson, Casari, Catheline, & Cornu, 2008; Nordez, Casari, Mariot, & Cornu, 

2009; Ryan et al., 2008; Weppler & Magnusson, 2010). Until lately, the only methods 

available for measuring passive properties of muscle were invasive and they used muscles 

through an individual approach (Heslinga & Huijing, 1990; Tabary, Tabary, Tardieu, 

Tardieu, & Goldspink, 1972). Although there are new methods to quantify in vivo passive 

muscle mechanical properties (e.g. elastography using supersonic shear imaging 

(SSI) (Maïsetti, Hug, Bouillard, & Nordez, 2012; Nordez, Gennisson, et al., 2008)), torque-

angle is the most often assessment used to quantify these properties. From this torque-

angle measurements, it is possible conclude about passive force-length relationship (from 

tissues around tested joints) and thus infer about MTC passive stiffness. Muscle stiffness 

provides an estimate of the resistive force or tension that a muscle exerts in response to a 
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given length change (Blackburn, Padua, Riemann, & Guskiewicz, 2004; Gleim & McHugh, 

1997). The passive mechanical properties are an important component of muscle function 

because they are related to the muscle extensibility (Gajdosik, 2001). 

The nervous system, in a global approach, is a mechanically and physiologically 

continuous structure from the brain to the end terminals in the periphery (Shacklock, 1995). 

Cadaver studies have demonstrated that the neural tissue is mechanically mobilized and 

strained by adding movements of the limbs and the spinal column. These facts have been 

measured both in fresh (Byl, Puttlitz, Byl, Lotz, & Topp, 2002; Coppieters & Butler, 2008; 

Wright, Glowczewskie, Cowin, & Wheeler, 2001; Wright, Glowczewskie, Wheeler, Miller, & 

Cowin, 1996) and embalmed cadavers (Kleinrensink, Stoeckart, Vleeming, Snijders, & 

Mulder, 1995), and in vivo through via real time diagnostic ultrasound (Dilley, Lynn, 

Greening, & DeLeon, 2003; Dilley, Summerhayes, & Lynn, 2007; Ellis, Hing, & McNair, 

2012; Ellis, Hing, Dilley, & McNair, 2008; Hough, Moore, & Jones, 2007; Ridehalgh, Moore, 

& Hough, 2012).  

Clinically the influence of additional neural strain and tension can be seen during 

neurodynamic testing where joint ROM decreases as tension is progressively added to the 

peripheral nervous system (PNS). This is a key premise of neurodynamic testing. For 

example, studies which have examined knee ROM during a slump test have concluded that 

significantly less knee extension occurred with the addition of cervical flexion (Johnson & 

Chiarello, 1997; Tucker, Reid, & McNair, 2007). The explanation given for the reduction in 

knee extension was that cervical flexion imposed additional tension upon the 

neuromeningeal structures at the spinal cord and nerve roots which led to a reciprocal 

increase in tension further down to the sciatic nerve tract (Herrington, Bendix, Cornwell, 

Fielden, & Hankey, 2008; Johnson & Chiarello, 1997; Yeung, Jones, & Hall, 1997). 

Therefore, we can suppose that multiple joint movements and body position significantly 

influence the relationship between nerve excursion and strain (Coppieters & Butler, 2008). 

Only two studies (Laessøe & Voigt, 2004; McHugh, Johnson, & Morrison, 2012) have 

examined the influence of addition of neural tension in torque-angle response. Although 

both had identical experimental protocols and also similar torque-angle assessment, they 

used different ROM recording data (i. only maximal ROM (Laessøe & Voigt, 2004); and ii. 

both submaximal and maximal ROM (McHugh et al., 2012)) to infer about resistance to 

stretch in their analysis. Moreover, torque-angle response from data collection for 

submaximal ROM (McHugh et al., 2012) was normalized to resistance to stretch as a 

percentage of the lowest maximum ROM achieved on experimental maneuvers. Therefore, 

the torque-angle response was not extensively examined and normalized for a given 

submaximal passive resistance to stretch. Additionally, there is evidence that adding neural 
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strain maneuvers on stretched muscle do not cause additional muscle tension, and do not 

increase EMG response (Lew & Briggs, 1997).  

Furthermore, passive torque and joint angle are often measured through dynamometer 

(Hoang, Gorman, Todd, Gandevia, & Herbert, 2005; Laessøe & Voigt, 2004; Magnusson, 

1998; McHugh et al., 2012; Nordez, Gennisson, et al., 2008). Recently, it was shown that 

this torque-angle methodological assessment is less reliable and less specific than 

measuring whit a specific device to directly measure the resistance to passive knee 

extension and 2D kinematic analysis with video recording to access body segments position 

(Freitas, Vaz, Bruno, Valamatos, & Mil-Homens, 2013). Other previous studies have 

recorded hamstring passive resistance to stretch data in testing positions similar to clinical 

neural tension tests. Accordingly, similarities can be found between these assessments and 

both slump test  position (Magnusson, 1998) and straight leg raising test or Lasegue's test 

(e.g. Halbertsma, Van Bolhuis, & Göeken, 1996). Nevertheless the effects of addition of 

ankle, thoracic and cervical spine movements on neural tissues, i.e. sciatic nerve tract, are 

well described and hypothesized regarding clinical literature. However, hamstring passive 

resistance to stretch behavior (from torque-angle assessment) associated with neural 

tension tests was yet not extensively studied and information about this subject needs to be 

obtained. Moreover, we can hypothesize that a manipulation of the nerve tissue complex in 

a part of the body, which is not directly mechanically related to the joint involved, would 

have an influence on the resistance to stretch. Thus, the purpose of this study was design 

to assess hamstring passive torque-angle response to stretch in six different neural tension 

tests conditions during passive knee extension (PKE) test. 

I.1. Aims and objectives of this Master research 

i. To investigate whether different types of addition of neural tension results in 

different amounts of maximal and submaximal torque-angle measures during 

PKE test. Specific analysis of the amount of torque-angle was conducted 

among different types of neural tension tests, according with manipulation of 

the following body segments: ankle, thoracic spine and cervical spine. 

ii. T To investigate stretch tolerance (maximum ROM and resistance to stretch), 

EMG response during modified PKE tests, i.e. with manipulation of body 

segments to lead tension on neural tissues and stretch intensity.    

Thereafter, a summary of the overall thesis is provided, conclusions are drawn and 

areas for future research are presented. 
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II. Review of literature 
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II.1. Introduction 

In vivo it is possible to change muscles length by the mobilization of joints, and from a 

certain articular angle (θ0) muscles crossing joint can start generating therefore resistance 

to stretch. Passive stretching is therefore characterized to place the articular angle beyond 

the angle θ0 by an external action. This assumption requires verifying that the muscle 

electrical activity is negligible (Gajdosik, 2001; Magnusson, 1998). We will ensure this 

condition throughout this study, so the nervous factors (i.e. active mechanical properties) 

and reflex mechanisms that may are present at in vivo muscles stretching protocols are not 

detailed in this paper. Thus, it is possible characterize passive mechanical properties of 

joints by measuring the MAC response in different passive stretching protocols. Also, under 

normal physiological conditions imposed by posture and movement, nerves are exposed to 

various mechanical stresses. When joint motion causes elongation of the nerve bed, the 

nerve is inherently placed under tensile stress and accommodates the stress by both 

elongating and gliding (Millesi, Zöch, & Reihsner, 1995).  

This chapter is focused on a brief review of main physiologic structures involved on 

dynamic passive stretching and muscle extensibility. Accordingly, the main goals are: i) 

characterize passive musculoskeletal biomechanical properties observed during knee 

passive extension test (from torque-angle assessment); and ii) describe neurodynamic 

mechanisms and their response to joint and body segment movements, and stretching 

maneuvers. 

II.2. Torque-angle factors and concepts 

II.2.1. Passive properties and concepts of skeletal muscles and joints  

There are many terms used by clinicians and researchers to describe passive muscle 

length of skeletal muscles and contiguous tissues. So, there usually are different terms to 

define similar phenomena (Gajdosik, 2001). Throughout the rehabilitation literature 

regarding the effects of stretching, confusion arises due to inconsistent use of terminology 

among studies. Measures of flexibility, which can be both static and dynamic, are performed 

to access the ability of skeletal muscle and tendon to lengthen (Gleim & McHugh, 1997). 

According to the science of biomechanics, muscle length is multidimensional and length 

measurements are only one dimension of muscle length. When more than one dimension 

is included in muscle length assessment (tension, cross-sectional area, and time), important 

biomechanical properties of the muscle can be determined. From these dimensions, 

additional biomechanical properties – stiffness, compliance, energy, hysteresis, viscoelastic 
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stress relaxation, creep and stress – can be inferred (Enoka, 2002; Özkaya & Nordin, 1999; 

Weppler & Magnusson, 2010).  

Skeletal muscle contains deformable material. In this way, measurement at a given 

moment in time is always dependent upon the amount of tensile force (that pulls the 

specimen in the direction of elongation) applied (Özkaya & Nordin, 1999). Engineers use 

many terms to describe how loads tend to change the shape of a material. These include 

the principal or axial loadings of compression, tension, and shear. Shear is a right-angle 

loading acting in opposite directions, and compression is when an external force tends to 

squeeze the molecules of a material together. Lastly, tension is when the load acts to stretch 

or pull apart the material. In the present study, we considered tension as passive resistance 

of the muscle being stretched and it is influenced by applied tensile force. The relationship 

between length and tension can be described by a passive length-tension curve which 

multiple individual length measurements are plotted according to the amount of passive 

tension required to reach each measurement (Knudson, 2007; Özkaya & Nordin, 1999).  

Static flexibility can be defined as the ROM available to a joint or series of joints, and 

dynamic flexibility refers to the ease of movement within obtainable ROM. The important 

measurement in dynamic flexibility is stiffness (Gleim & McHugh, 1997). The stiffness of a 

material is the relationship between stress and strain (expressed as the slope of the line). 

The stress (σ; 𝑁. 𝑚−2 in SI system), which can be described as the internal force divided by 

cross-sectional area (𝜎 = F ∕ A), causes the body change in shape, or deform, which is 

called strain. However, because the cross-sectional is at times not possible to measure or 

calculate, particularly in human studies, it is occasionally substituted by force. Tensile strain 

(𝜖) can be defined as the change in length divided by original length [(𝐿 − 𝐿0) ∕ 𝐿0], which 

is a dimensionless unit, but is often expressed as a percentage of the original length 

(Knudson, 2007; Magnusson, 1998; Özkaya & Nordin, 1999). In other words, the increase 

in strain is proportional to the applied stress (Hooke’s law), such that a stiffer material will 

deform less for a given applied external load.  

Passive stiffness, passive elastic stiffness and passive viscoelastic stiffness are 

synonyms terms frequently used to describe muscle’s physiologic response during dynamic 

phase of the stretch. Passive stiffness (𝑘) is well-defined as the ratio of the change in the 

passive resistance or passive force (∆𝐹) to the change in the length 

displacement(∆𝐿); (𝑘 = ∆𝐹 ∆𝐿⁄ ). It can also be assessed through calculating the slope of 

passive moment or torque-angle curve (𝑘 = ∆𝑝𝑎𝑠𝑠𝑖𝑣𝑒 𝑡𝑜𝑟𝑞𝑢𝑒 ∆𝑎𝑛𝑔𝑢𝑙𝑎𝑟⁄ 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛), and it is 

usually measured at a slow constant rate of applied dynamic stretch in order to avoid 

stretch-reflex activations. As the velocity of stretch is increased, the viscous behavior of 

muscles contribute to increased passive resistance and increased passive elastic stiffness 
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– both human and animal muscles in the absence of stretch induced muscle activations 

(Blackburn et al., 2004; Gajdosik, 2001; Knudson, 2007; Özkaya & Nordin, 1999). Other 

biomechanical property that can be derived from tension, which is reciprocal of passive 

stiffness, is passive compliance – change in length per unit change in tension (∆𝐿 ∆𝐹⁄ ). So, 

these terms (i.e. passive stiffness and passive compliance) represents the same 

physiological response to stretch viewed from reciprocal perspectives (Gajdosik, 2001; 

Weppler & Magnusson, 2010). Summarizing, muscle with a passive curve that has a 

shallow curve is less stiff or more compliant than a muscle with a passive curve that has a 

steep rise. Otherwise, muscle with a passive curve that has a steep rise in the passive curve 

is stiffer or less compliant than a muscle with a shallow rise in the passive curve (Figure 1) 

(Gajdosik, 2001).  

 

Figure 1. Model of shifting length/tension curve.  
When a change in muscle length occurs, there is a shift in the entire passive length/tension curve. When “shortening” occurs, 
the curve shifts to the left, reflecting shorter muscle length measurements at a given passive tensile force. When lengthening 
occurs, the curve shifts to the right, reflecting a longer muscle length measurement at a given tensile force. Note: Number 
values are absolute; curve is a theoretical illustration (adapted from Weppler & Magnusson, 2010).   

Human muscle length measurements are, with recent few exceptions, measurements 

of joint angles, and the tensile force is applied in a rotation manner (i.e. torque, or moment 

of force, is the product of the force and the perpendicular distance between the line of action 

of the force and the axis of rotation; 𝑇 = 𝐹 × 𝑑⊥). For this reason, length-tension curves are 

commonly presented as torque-angle curves in human studies (Figure 2). Energy (Joule in 

SI) is defined and expressed as the area under the torque-angle curve (stored viscoelastic 

energy) (Magnusson, 1998; Weppler & Magnusson, 2010).   
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Figure 2. A typical non-linear viscoelastic response during a stretch maneuver using torque-angle assessment.  
The torque-angle data for one subject from the dynamic phase of the constant angle protocol. Stiffness was defined as the 
change in torque (Nm) divided by change in position (radians) and was expressed as the slope of the torque-angle curve in 
the final third of the joint range of motion. Energy was defined and expressed as the area under the curve (joule) (adapted 
from Magnusson, 1998).   

The sum of passive forces with active forces, produced by the interactions of actin and 

myosin proteins, corresponds to the total force produced by skeletal muscles. Both passive 

and active forces are influenced by the length of the muscles. Furthermore, passive forces 

increase exponentially (i.e. showing curvilinear mode) as the muscle is stretched to its 

maximal length (Brodie, 1895; Gajdosik, 2001; Haycraft, 1904; Stolov & Weilepp, 1966). 

The active length-tension curve is a theoretical model. Therefore, we cannot measure active 

forces directly. Accordingly, they are calculated through by subtracting passive force from 

the total forces throughout the full length of the muscle (Figure 3) (Gajdosik, 2001; Lieber & 

Bodine-Fowler, 1993). The results play an import role as a framework for how the change 

in passive forces contributes to total muscle function when a muscle is stretched through 

its available length extensibility (ability of a muscle to extend to a predetermined endpoint 

(Weppler & Magnusson, 2010), which in human studies assumes an endpoint of subject 

sensation unless otherwise noted). 
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Figure 3. Classic length-tension curves for skeletal muscle.  
Net voluntary active tension is predicted by subtracting passive tension from total tension (adapted from Gajdosik, 2001). 

The muscle-tendon unit is the main anatomic and physiologic structure responsible for 

voluntary human movement. Tendons, which consist of dense regular connective tissues 

and considered a part of the series elastic component of the muscle-tendon unit, exhibit 

minimal length extensibility characteristics (Kubo, Kanehisa, & Fukunaga, 2001; Stolov & 

Weilepp, 1966; Tardieu, Tabary, Tabary, & Tardieu, 1982). Although there is some slight 

straightening of the connective tissues within tendons, for practical purposes the length of 

tendons can be considered constant (Gajdosik, 2001). Therefore, several researchers have 

suggested that the major factor contributing to passive tension in muscle is the extensibility 

of the connective tissue elements in parallel with the muscle fibers – parallel elastic 

component (PEC) (Jewell & Wilkie, 1958; Purslow, 2010; Stolov & Weilepp, 1966; Tardieu 

et al., 1982). Consequently, we speculate that muscle passive tension is independent of the 

elasticity of tendon structures (Kubo et al., 2001). Thus, muscle belly is the primary part of 

the muscle-tension relationships of the stretched muscle-tendon unit. 

Muscle extensibility can be observed during a passive stretch maneuver. It is possible 

that this increase is owing to a simple decrease in muscle stiffness or an increase in muscle 

length. A simple decrease in muscle stiffness is evidenced by a decrease in the slope of 

the torque-angle curve. Increases in muscle length are reflected on torque-angle curve by 

a shift to the right of the entire curve. This change results in decreased stiffness and an 

increased length measurement (joint angle) for any given tension (Figure 1). However, 

muscle extensibility can also increase without this change in muscle length or stiffness: it is 

possible through a simple increase in applied tension, which causes the muscle to stretch 
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further. Nevertheless, without information about applied tension, there is no way to 

differentiate between these possibilities (Halbertsma & Göeken, 1994; Magnusson, 1998). 

When a muscle is gradually and passively lengthen from maximal short position it 

achieves a point, initial passive resistance, where passive resistance to stretch can start to 

be measure. This point defines an initial length which is not identical to the resting length of 

the muscle. As the muscle is lengthened beyond this initial length, greater passive 

resistance is recorded until a maximal passive length. Stretch beyond this point results in 

rupture at the ends of the muscle fibers associated with the musculotendinous junction, 

which documented in animal studies, and avoided in human studies in order to ensure 

ethical guidelines (Gajdosik, 2001; Garrett, Nikolaou, Ribbeck, Glisson, & Seaber, 1988; 

Garrett, Safran, Seaber, Glisson, & Ribbeck, 1987; Knudson, 2007) 

II.2.2. Joint passive factors 

Various theories have been proposed to explain increases in muscle extensibility 

observed after stretching protocols. These mechanical theories include viscoelastic 

deformation, plastic deformation of connective tissues, increased sarcomeres in series, and 

neuromuscular relaxation (Weppler & Magnusson, 2010). When an increase in muscle 

extensibility is observed, it is possible that increase is due to a simple decrease in muscle 

stiffness or an increase in muscle length. Resistance to passive stretch of skeletal muscle 

in healthy human subjects has been attributed to the extensibility of the non-contractile 

connective tissue components of muscle tendon units, the stretch-induced contractile 

response to stretch or resting tension in myofibrils. However, studies that have 

simultaneously examined range of motion, resistance to stretch and electromyographic 

responses from the stretched muscle indicate that resistance to stretch is fundamentally 

due to the viscoelasticity of non-contractile component (Gajdosik, 2001). Thus, it is clear 

that passive properties of skeletal muscles are influenced by several mechanisms and 

structures during passive stretch of a resting muscle, considering that for practical purposes 

the length of tendons can be considered relatively constant and non-contributory to the 

measurable passive length-tension relationships of a stretched muscle (Gajdosik, 2001; 

Kubo et al., 2011; Tardieu et al., 1982). These include: filamentary resting tension (series 

elastic components (SECs)); sarcomere cytoskeletons (SECs); and connective tissues 

(PEC).    

During an in vivo passive stretch, different structures of MAC produce resistance to 

stretch whose relative contribution is unknown. Different muscle-tendon units crossing the 

joint develop an important part of this resistance (Gajdosik, 2001; Magnusson, 1998). The 

structures of muscle-tendon unit involved during stretching are shown in Figure 4. 



15 
 

Connective tissue, organized into different layers, ensures the cohesion of the muscle and 

part of transmission of the muscular strength into the bones (Kjaer, 2004). A substantial 

portion of the muscle passive force developed in resistance to stretch is also produced by 

the connective tissue (Gajdosik, 2001; Purslow, 1989). Connective tissue is made up of 

networks of collagen fibers (20% of total volume) and a very low percentage of elastin that 

provides much of their elasticity. The remaining 80% of the volume is composed by a gel 

mainly composed of water (70%). 

The tendon allows the mechanical connection and force transmission between muscle 

and bones. Tendons are composed of dense connective tissue with collagen fibers which 

represents almost 80% of the tendon dry weight. They are connected to a less dense 

network of connective tissue surrounding the muscle (epimysium). For pennate muscles1, 

aponeurosis2 which also consists of dense connective tissue is inserted between the tendon 

and epimysium. The epimysium is connected to a slacker connective tissue (perimysium) 

that divides the muscle fascicles comprising one hundred of muscle fibers. All fibers are 

surrounded by slight connective tissue: the endomysium. The muscle fibers are composed 

of more than a thousand myofibrils which are surrounded by the sarcolemma (cell 

membrane). Myofibrils are themselves made up of associations of sarcomeres in series, 

which contain contractile proteins involved in muscle contraction. 

 

Figure 4. Different levels of organization of the muscle-tendon.  
The tendon allows the mechanical link between the muscle and bone. The muscle is covered by epimysium. The epimysium 
which is attached to perimysium envelope fascicles (groups of muscle fibers). The perimysium is itself connected to the 
endomysium which cover the muscle fibers. 

                                                 
1 Pennate muscles have fibers aligned at a small angle (usually less than 15º) to a tendon or aponeurosis 
running along the long axis of the muscle. 
2  It is a distinct connective tissue band within a muscle. 
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Conventionally, a rheological model of the muscle is used to describe the elastic 

behavior of the different structures of the muscle-tendon compared to muscle actin-myosin 

bridges, which are responsible for muscle force generator. 

Originally, Hill (1938) developed a rheological model of the muscle to take account of 

their contractile properties. This model was then modified and improved by many authors. 

For example, the model presented in Figure 5, proposed by Shorten (2001), place the 

elastic structures of the muscle in series (SEC) or parallel (PEC) relatively to actin-myosin 

bridges. SEC is itself composed by both passive and active fraction. Different elastic 

structures of the muscle-tendon have, like most biological tissues, viscoelastic properties. 

Some authors consider that PEC produces an important part of the resistance to passive 

stretching produced by the muscle (Gajdosik, 2001). 

 

Figure 5. Model of muscle-tendon complex, with three components.  
Adapted from (Goubel & Lensel-Corbeil, 2003). CC: contractile component, the force generator is located at the level of actin-
myosin bridges. SEC: series elastic component. Passive fraction lies in the tendinous structures and fascia, while the active 
fraction corresponding to the elasticity of actin myosin bridges. PEC: parallel elastic component, localized in connective tissue 
of the sarcolemma of titin and intermediate filaments. 

II.2.3. Contribution of contractile tissue 

Hill (1968) showed that during a passive stretching (i.e. low ROM) of a muscle ex vivo, 

increased muscle tension is biphasic. Tension increases sharply at the beginning of 

stretching, and then more slowly in a second phase. The initial stiffness is higher than the 

stiffness calculated in a second phase. This phenomenon has been attributed by Hill to the 

presence, in first phase of stretching, of an elastic component specific: the short range 

elastic component (SREC). Thus, Axelson & Hagbarth (2001) showed that the SREC is 

expressed at the beginning of stretching applied to the wrist flexors (up to 0.03 rad (1.7 °) 

in Figure 6 (Axelson & Hagbarth, 2001). It has also been shown that the SREC disappears 
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after the first cycle of stretching (e.g. Figure 6, implying a dependence on loading history of 

the mechanical behavior of muscle. It results in a decrease in hysteresis which was 

understood as a decrease in viscosity. Several authors have concluded from these results 

that the muscle has a thixotropic behavior (Axelson & Hagbarth, 2001; Proske, Morgan, & 

Gregory, 1993; Proske & Morgan, 1999; Whitehead, Gregory, Morgan, & Proske, 2001). 

Some authors have interpreted this behavior of the muscle by the presence of actin-myosin 

bridges weakly attached that could contribute to the development of passive tension in the 

first phase of the stretch. These bridges are broken from a certain level of stretching 

explaining, at least in part, the dependence on loading history of the mechanical behavior 

of muscle (Proske & Morgan, 1999). However, the contribution of actin-myosin bridges 

during passive stretching is still under discussion since Mutungi & Ranatunga (1996a, 2000) 

showed that the SREC is dependent on the speed of stretch (Mutungi & Ranatunga, 1996b, 

1996c) and temperature (Mutungi & Ranatunga, 1998). These authors then proposed 

mechanisms to explain purely viscoelastic of SREC expression, regardless of the presence 

of residual bridges in a passive stretch. Further studies are needed to quantify the potential 

contribution of actin-myosin bridges in the production of passive muscle strength, 

particularly during a stretching protocol performed in vivo. 

 

Figure 6. Relationship between the torque-angle developed in resistance to stretch and the angle joint during five passive 
stretching maneuvers with low amplitudes of the flexor muscles of the wrist (Hagbarth and Axelson, 2001). 
During the first cycle (1st), the increase in torque is biphasic. The first phase (0-0.03 rad) indicates the presence of the Short 
Range Elastic Component (SREC). This component disappears in the following cycles. 

II.2.3.1. Filamentary resting tension 

The passive resistance that may result from stretching stable interactions or cross-links 

between the actin and myosin filaments was first proposed by Hill and expanded by others. 

These stable links can be explained by a very low level of actively generated resting tension 

that apparently is responsible for passive resistance (actin-myosin cross-bridges resist to 

stretch a short distance from the stable position before the contacts slip and reattach at 

other binding sites). “Cross-bridge population displacement mechanism” also allowed an 



18 
 

expansion of this proposal (Campbell & Lakie, 1998; Gajdosik, 2001). According to it, in a 

relaxed muscle, the actin and myosin filaments are linked by a relatively small number of 

cross-bridges, each of which behaves as a linear spring for both extension and 

compression; only cross-bridges with displacements corresponding to a defined interaction 

range can bind between the filaments; the attachment probability is increased by 

interfilamentary movement; unstrained cross-bridges are stable and relatively long-lived, 

whereas cross-bridges with high strains detach more rapidly; interfilamentary displacement 

skews the cross-bridge distribution; and the mean cross-bridge displacement of an 

undisturbed population is slightly positive. This bias produces a force which acts to increase 

filament overlap and contributes to the muscle’s resting tension (Campbell & Lakie, 1998). 

Indeed, if this very low level of activity exists in completely relaxed muscles, it seems to be 

clear that electromyographic surface signal might be not detected. Instead, the passive 

state in human muscles is operationally defined by the presence of minimal or negligible 

EMG activity.     

X-ray diffraction studies have shown that actin and myosin filaments show extensibility 

properties that contribute to the stiffness of an active muscle. The evidence for low 

compliance in actin filaments originally came from stiffness measurements of sarcomeres 

during activation of intact muscles at various lengths. The spacing changes of reflections in 

X-ray diffraction patterns, which also depend on the mechanical load on the muscle, indicate 

that elongation is accompanied by slight changes of the actin helical structure possibly 

because of the axial force exerted by the actomyosin cross-bridges. Moreover, the effects 

of steady lengthening applied to contracting muscles on the actin and myosin filament-

based reflections are described, showing extensibility of the myosin filaments too (Gajdosik, 

2001; Purslow, 1989; Wakabayashi et al., 1994). Thus, actin-myosin cross bridges may also 

contribute to some of the passive resistance in relaxed muscles. 

II.2.4. Parallel elastic components contribution 

II.2.4.1. Connective tissues and sarcolemma 

Connective tissue (epimysium, perimysium, endomysium) and sarcolemma (cell 

membrane) are different layers of muscle. We can consider that they are placed in parallel 

contractile structures. If they all contribute to the development of passive tension in the 

muscle, the greater part appears to be due to the perimysium (Gajdosik, 2001; Purslow, 

1989). The diffraction imaging showed that networks constituents of collagen fibers, which 

are folded at rest, moved into direction of the stress applied in the course of stretching 

(Purslow, 1989). This probably contributes to the exponential increase of the stress during 

stretching of a muscle (Gajdosik, 2001).  
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II.2.4.2. Sarcomere elastic component 

The sarcomere (Figure 7) also exhibits elastic components in the development of 

resistance to stretching produced by muscles (Anderson et al., 2002). The works of 

Horowitz et al. (1986) have highlighted the involvement of titin filaments during passive 

stretching. On a fiber peeled, these authors showed that passive tension from stretching is 

greatly reduced when titin is degraded by radiation. These filaments connecting the myosin 

to Z-discs have elastic properties and bring back the sarcomere to its initial position when 

it is stretched. They also ensure the maintenance of the structural organization of the 

sarcomere (Horowits et al., 1986). Intermediate muscle filaments, mainly desmin and 

nebulin, are resistant proteins filaments. For example, the main function of desmin filaments 

is to ensure the cohesion of the myofibril sarcomeres transversely, connecting them (Figure 

8). 

 

Figure 7. Structural organization of the sarcomere.  
Titin, elastic filament, connects with myosin at Z line. Adapted from  (Tortora & Derrickson (2009). 
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Figure 8. Diagram of the sarcomere at rest and during a stretch of 30% in eccentric contraction.  

a – actin; m – myosin; t – titin; d – desmin; z – line z. ① and ② show the elongation of filaments of titin and desmin which 

will produce a greater resistance to stretching (adapted from Allen, 2001).  

II.2.4.2.1. Sarcomere cytoskeletons 

Much of the passive resistance of a stretched relaxed muscle has been given to non-

contractile filamentous connections within two sarcomeric cytoskeletons, termed the 

endosarcomeric and exosarcomeric cytoskeletons. Filamentous connections between the 

thick myosin filaments and the Z-discs of the sarcomere have been shown to contribute to 

this passive resistance, particularly when the sarcomere is stretched beyond the actin and 

myosin overlap. The filamentous connections of the endosarcomeric cytoskeleton are 

comprised of large, thin filaments of a giant protein that has been named titin (Gajdosik, 

2001; Herzog, Leonard, Jinha, & Herzog, 2012; Horowits et al., 1986).Titin filaments span 

a half-sarcomere from the Z-line to the M-line and is believed to be major sub-celular 

component of the endosarcomeric cytoskeleton that resists passive lengthening of a relaxed 

muscle. Slow twitch muscle fibers (type I) have greater passive stiffness than fast twitch 

muscle fibers (type II), and the differences may reflect different isoforms of titin within each 

fiber type (Gajdosik, 2001). 

Intermediate sized protein filaments, with diameters of about 10nm, midway between 

actin (6nm) and myosin (16nm), contribute to the exosarcomeric cytoskeleton of the muscle 

fibers. One protein, called desmin, is the major subunit of the intermediate protein filaments 

forming the Z-discs. It serves to inter-connect Z-discs transversally, and to connect Z-discs 

with organelles, but not with the T-tubule system. Desmin also extends longitudinally from 

Z-discs to Z-discs outside of the sarcomere and because of this longitudinal arrangement 

between Z-discs outside of the sarcomere, the proteins contributes to exosarcomeric 

exoskeleton. Desmin lengthens as the sarcomere is stretched, so its elasticity is thought to 

contribute to the passive resistance of stretched muscle (Anderson et al., 2002; Gajdosik, 

2001; Herzog et al., 2012; Mutungi & Ranatunga, 2000; Purslow, 2010).    
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II.2.5. Series elastic components of contractile tissues contribution 

During muscle contraction, the force produced by the muscle is transmitted to the bone 

via structures arranged in series of the contractile component, mainly tendon and 

aponeurosis. They are often considered to be stiffer than muscle. When two series elastic 

components are stretched, if the stiffness of one of the two elements is greater than that of 

the other element, we can neglect the contribution of the steepest rise.  Also, some authors 

have ignored the contribution of the production of passive forces from structures that are 

placed in series of contractile tissues (J. Anderson et al., 2002; Gajdosik, 2001).  

However, it has recently been shown through ultrasonography that during passive in 

vivo stretching of plantar flexor muscles, only 27% of the extensibility of the muscle-tendon 

complex of gastrocnemii was effectively transmitted to the fascicles (Herbert, Moseley, 

Butler, & Gandevia, 2002). This suggests that about 70% of the change in length of the 

muscle-tendon lengthening is explained by the series elastic components. In this study, the 

low variation in length of gastrocnemii muscle fascicles is explained by tendon length that 

is much larger (i.e. about 10 times) than fascicles which underlines the importance of 

measuring the deformation instead of extensibility. 

Kubo and colleagues (2005) showed that, in a passive stretching of the ankle plantar 

flexor muscles, deformation of the gastrocnemius medialis muscle fascicles is about five 

times larger than the deformation of the tendon and ten times greater than the deformation 

of the aponeurosis. A simple explanation with a model of two linear springs in series can 

show that if the deformation of one of the two elements is about five times lower than the 

other through a passive stretch, the error in neglecting the spring is then steeper of the 

order of 20%. The results of the study of Kubo and colleagues can therefore be understood 

that, during passive stretching, the contribution of structures placed in series with the 

muscle and tendon, are probably not completely negligible (Kubo, Kanehisa, & Fukunaga, 

2005).  

II.2.6. Joint contribution 

Many studies used passive stretching of muscle groups to characterize passive 

mechanical properties. In this context, it is commonly considered that passive stretching 

helps to determine passive viscoelastic properties of muscle (Gajdosik, 2001), muscle-

tendon unit (Magnusson, 1998) or tissues crossing the joint (McNair & Portero, 2005). 

These studies did not focus about the role of the contribution of the type of joint. However, 

the joints are not perfectly spherical, and thus they can produce additional resistance to 

stretching (Riemann et al., 2001). In addition, a study on ex vivo wrist joint of cat showed 
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that during passive stretching, joint produced 47% of the passive torque (Johns & Wright, 

1962). This animal model was chosen because the properties of the cat wrist seem to be 

similar to the human wrist. However, although the joint geometry and muscle volumes being 

different from one joint to another, the relative contribution of the joint is likely to be different 

depending on the joint in question (Riemann et al., 2001). However, the relative contribution 

of the knee, ankle and spine column during hamstring passive stretching has, to our 

knowledge, never been specifically determined. Therefore, in this study, we will not neglect 

the contribution of these joints. 

Traditionally, it is considered that the torque developed in passive resistance to stretch 

is mainly produced by the muscular structures, internal or external to the sarcomere, placed 

in parallel with contractile tissues. However, we have seen that the tendon, contractile 

proteins, and joint can also have a significant contribution in this context. That is why we 

consider that stretching can characterize the overall mechanical properties of the entire 

MAC including all muscles, tendons and joints (Figure 9).  

 

 

Figure 9. Rheological model proposed to describe the elastic behavior of the entire musculo-articular passive terms 
(adapted from Huijing, 1994).  
The different structures of the musculo-articular complex are placed in series or in parallel contractile structures (actin-
myosin cross-bridges). 

II.2.7. Connective tissues 

The extracellular matrix, and particularly the connective tissue with its collagen property, 

links tissues of the body together and plays an important role in the force transmission and 

maintenance of tissues structure especially in tendons, ligaments, bone, and muscle. 
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Thereby, the amounts and composition of the various intramuscular extracellular matrix 

(or intramuscular connective tissue, or muscle fasciae) structures in living tissue represent 

a dynamic balance between deposition, growth, remodeling and degradation, which is 

affected by the interplay between functional demands on the tissue and the mechanical 

environment. Extensible connective tissues (e.g. muscle, skin, blood, vessels, and fascia) 

contain networks of fibrous collagen in an amorphous matrix. It is the reorientation of the 

collagen fibers within these networks that allows large extensions of the tissues and is 

responsible for their non-linear stress-strain curves (Purslow, Wess, & Hukins, 1998; 

Purslow, 2010).  

As a muscle is stretched, the passive resistance is also influenced by a lengthening 

deformation of the connective tissues of the endomysium, perimysium, and epimysium of 

the muscle belly. 

Intramuscular connective tissue has multiple functions (Kjaer, 2004). First it provides a 

basic mechanical support for vessels and nerves. Second, the connective tissue ensures 

the passive elastic response of muscle. Third, it is now clear that force transmission from 

the muscle fibers not only is transformed to tendon and subsequent bone via the 

myotendinous junctions but also via lateral transmission between neighboring fibers and 

fascicles within a muscle (Kjaer, 2004).  

It has been shown that tension developed in one muscle part can be transmitted via 

shear links to other parts of the muscle, and that even the cutting of an aponeurosis in a 

pennate muscle still maintains much of the force transmission. The perimysium is especially 

capable of transmitting tensile force. Although studies have also demonstrated a potential 

of the endomysium for force transmission, the orientation and curvilinearity of the collagen 

fibers provide high amounts of elasticity and thus not sufficient stiffness to function optimally 

as a force transmitter. The thickness of the endomysium as a whole varies with muscle 

length, becoming thicker at short muscle lengths and thinner as the muscle is extended 

(Purslow, 2010). 

II.3. Joint passive torque-angle measurement methods     

Regarding literature, hamstrings and plantar flexors are the most in vivo studied muscle 

groups during passive stretching. Hamstrings passive stretching are the most often 

performed by researchers through varying the angles of the knee (Magnusson, 1998) or hip 

(Halbertsma, Mulder, Göeken, & Eisma, 1999), while the ankle is usually mobilized by 

stretching the plantar flexors (McNair, Dombroski, Hewson, & Stanley, 2001; McNair et al., 

2002). Two methods are commonly described in the literature to perform stretching and 
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then measure the response of muscle-articular system. The first one is to mobilize a joint 

manually. An electronic goniometer was used to measure joint angle and a cell force was 

used to measure passive resistance to stretch (Harvey, McQuade, Hawthorne, & Byak, 

2003; Hoang et al., 2005; McHugh, Magnusson, Gleim, & Nicholas, 1992; Riener & Edrich, 

1999). It has been shown that this method allows reproducible measurements (Harvey et 

al., 2003; Hoang et al., 2005). It is nevertheless difficult to standardize the stretching velocity 

with this kind of experimental setup, and results may depend on the examiner who mobilizes 

the joint.  It is possible to overcome these difficulties by using automatic dynamometers as 

isokinetic dynamometer (e.g. Biodex®, Kin-Com®, Cybex®...) or a device implemented 

specifically for this purpose (Tognella, Mainar, Vanhoutte, & Goubel, 1997). These 

apparatuses allow measurements of articular angle and passive torque from MAC in 

response to passive stretching with constant and programmed velocity (Figure 10).     

 

Figure 10. Examples of experimental setups used to characterize the passive mechanical properties (Hoang et al., 2005; 
Magnusson, 1998). 

Low stretching velocities (<0.44 rad.s-1 (<25°.s-1)) are generally chosen to limit the 

acceleration and deceleration of the system and avoid stretch-induced reflexes. However, 

some studies have used higher stretch velocities – 3.14 rad.s-1 (180°.s-1) (Lamontagne, 

Malouin, Richards, & Dumas, 1997; Rabita et al., 2005) – to determine the stretching 

velocity dependence of muscle-articular complex response. Frequently velocities lower than 

0.09 rad.s-1 (5º.s-1) should be done in order to avoid reflexes.  

The stretching velocity is also an important factor to consider since the level of 

electromyographic activity (EMG)3, voluntary or reflex, may contribute to modify the 

mechanical properties (e.g. increased stiffness) of the mobilized muscles. Thus, as part of 

the study of mechanical properties of MAC through passive stretching, it is necessary to 

                                                 

3 The surface electromyographic activity corresponds to the electrical potential difference that 
can be detected between two points near the surface of the superficial muscles using various 
electrode arrangements. A calculation of root mean square (RMS) of EMG signal then determines 
the level of muscle activity examined. 
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ensure that the tested muscles do not produce a voluntary or reflex electrical activity through 

measuring their surface electromyographic activity (sEMG). 

Some authors have recommended that the level of activity of measured muscles should 

be less than 1% of the activity of surface EMG obtained during maximal isometric 

contractions (Gajdosik, 2001; McNair et al., 2002; McNair & Portero, 2005). However, some 

authors have observed values between 3% and 5% (Magnusson, 1998; McHugh et al., 

2012).  

Finally, it was shown that isokinetic dynamometers allow do reproducible measurements 

of passive mechanical properties of MAC (Gajdosik, 2001; Magnusson, Simonsen, 

Aagaard, Sørensen, & Kjaer, 1996; Magnusson, 1998). However, a good reproducibility of 

passive mechanical properties can not be understood that the measurement error of the 

different sensors is negligible. The torque sensor of an isokinetic dynamometer is generally 

designed mainly to measure the capacity of force of a muscle group during contractions. 

However, the torque levels measured during passive stretching are much lower than those 

observed during contractions. It is therefore possible that measurement error disturbs 

passive torque assessment, for example due to energy dissipation at the rotation axis. 

Additionally, many attempts have been made by different researchers to improve the 

accuracy of assessment, through development of new processing data procedures 

(Anderson, Nussbaum, & Madigan, 2010; Hoang et al., 2005; Nordez et al., 2010; Nordez, 

Cornu, & McNair, 2006). Recently, Freitas et al. (2013) suggest that direct measures should 

be done instead of indirect, and a strict control should be taken by researchers about tested 

a non-tested body segments positioning, since this affects considerable the torque-angle 

outputs. 

II.4. Neurodynamic features of the peripheral nervous system 

II.4.1. Neurodynamics 

Neurodynamics is now a more accepted term and as a specific concept was first 

presented in a paper published in 1995 (Shacklock, 1995). It refers to the integrated 

biomechanical, physiological and mechanical functions of the nervous system (Butler, 2000; 

Shacklock, 1995, 2005; Walsh, 2005). The nervous system has a vital role as bidirectional 

transport system carrying information to and from different body systems in order to 

perceive, process and activate human movement. In doing so, nervous system must 

therefore be able to cope with the mechanical and physiological stresses that are imposed 

upon it from neighboring tissues in order to operate effectively. Specialized interdependent 
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neuroanatomical and neurophysiological features allow the nervous system to maintain 

optimum function. Mechanical events at one site in the nervous system can produce a 

cascade of related events along the system. For example, passive neck flexion produces 

tension in the lumbosacral nerve roots, wrist extension can produce tension in the brachial 

plexus and dorsiflexion of the ankle moves the sciatic nerve. Regardless of the underlying 

construct, it is vital that the nervous system is able to adapt to mechanical loads, and it must 

undergo distinct mechanical events such as elongation, sliding, cross-sectional change, 

angulation, and compression. If these dynamic protective mechanisms fail, the nervous 

system is vulnerable to neural edema, ischemia, fibrosis, and hypoxia, which may cause 

altered neurodynamics (Butler, 2000; Shacklock, 1995). 

II.4.1.1. Neural structures and biomechanical properties 

The neural structures are simply those that constitute the nervous system. Included are 

the brain, cranial nerves and spinal cord, nerve rootlets, nerve roots and peripheral nerves 

(including the sympathetic trunks) and all their related connective tissues. Therefore, the 

structural organization of peripheral nerves allows axons to conduct impulses that facilitate 

an individual’s interactions with the world while directing and tolerating the myriad postures 

of the trunk, head, and limbs. Axons within a peripheral nerve are the lengthy extensions of 

cell bodies located in the dorsal root ganglia (sensory neurons), autonomic ganglia 

(autonomic neurons), or the ventral horn of the spinal cord or brain stem (motoneurons). 

Because their terminals are quite distant from the cell bodies, axons are insulated from each 

other, bundled together, and protected by three connective tissue layers – the endoneurium, 

the perineurium, and the epineurium (Figure 11). Axons, Schwann cells, and endoneurial 

components are bundled by a sheath of perineurium to form a nerve fascicle. Several 

fascicles are held together by epineurial tissue to form a nerve. 

The nervous system possesses a natural ability to move and withstand mechanical 

forces that are generated by body movements. For the nervous system to move normally, 

it must successfully execute three primary mechanical functions; withstand tension, slide in 

its container, and be compressible. It is important to the development of the present work 

to discuss the relevance of these neurodynamic features in order to understand neural 

biomechanics behavior. Although it is easier to discuss each of the neurodynamic features 

in isolation, it is important to note that these features are interdependent. 
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Figure 11. Nerve anatomy. Structural organization of 3 connective tissue layers – the endoneurium, the perineurium, and the 
epineurium. Adapted from Tortora & Derrickson (2009) 

II.4.1.2. The ability of nerve to move or slide 

From an extrinsic mechanical perspective, the PNS must be able to move and slide in 

relation to, and independently, its surrounding tissues (Butler, 2000; Dilley et al., 2003; 

Shacklock, 2005). Thus, body is the container of the nervous system in which the 

musculoskeletal system presents a ‘mechanical interface’ (also called the ‘nerve bed’ or 

‘neural container’) to the nervous system. It consists of anything that resides next to the 

nervous system, such as tendon, muscle, bone, intervertebral discs, ligaments, fascia and 

blood vessels. Although the mechanical interface is not a direct layer or feature of the 

specific anatomy of the PNS, it must be taken into account when discussing nerve 

biomechanics and nerve pathology.  

Excursion of a nerve refers to the movement of the neural structures relative to their 

adjacent tissues (McLellan & Swash, 1976; Wilgis & Murphy, 1986), and it occurs in the 

nerves longitudinally and transversely. Therefore, this sliding capacity allows the nerve to 

adapt to changes imposition and length of the nerve bed imposed by limb movements (Byl 

et al., 2002; Dilley et al., 2007; Erel et al., 2003; McLellan & Swash, 1976; Topp & Boyd, 

2006). Excursion is an essential aspect of neural function because it serves, in all planes, 

to dissipate tension in an attempt to equalize pressure along the length of the nerve tract 

(Breig, 1978; Shacklock, 2005; Topp & Boyd, 2006; Walsh, 2005). Significant mechanical 

forces can be generated as peripheral nerves slide against the mechanical interface. 

The routes of most peripheral nerve trunks fall beyond the movement plane of many 

joints (Phillips, Smit, De Zoysa, Afoke, & Brown, 2004). Dissipation of tensile forces via 

elongation and sliding must occur relatively evenly throughout the length of the nerve. The 

ability to slide may protective against increases in intraneural pressure caused by excesses 

of tension. 
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Sliding of peripheral nerves in their bed is provided by specialized connective tissues 

layers (Millesi et al., 1995) The mesoneurium is the external sheath surrounding the whole 

nerve. This allows sliding of the nerve relative to the mechanical interface (Butler, 2000; 

Shacklock, 2005). The external epineurium, which also consists of soft and loose 

connective tissues, allows nerve sliding in relation to the mesoneurium and nerve bed. The 

capacity of nerves to function in this way means that they can respond internally as well as 

externally to the forces to which they are subjected (Shacklock, 2005). This internal 

movement is facilitated by the internal epineurium and endoneurium (Butler, 2000; Walsh, 

2005). 

II.4.1.3. The ability of nerve withstand stretch 

The ability of the PNS to dissipate tensile load is critical to maintain nerve function 

(Coppieters et al., 2006; Phillips et al., 2004). PNS also adapts to lengthening by the 

development of tension or increased pressure within the tissues, i.e., increased intraneural 

pressure, or increased intradural pressure. This pressure develops as a consequence of 

elongation and occurs in all tissues and fluids enclosed by an including the epineurium and 

the dura mater (Butler, 2000).  

The neural connective tissue layers have an important role to play in nerve elongation. 

The collagen fibers of the epineurium and endoneurium have an undulating configuration 

which allows some slack to accommodate initial elongation forces (Topp & Boyd, 2006). 

The perineurium provides the primary resistance to elongation/stretching and it is effectively 

the cabling in the peripheral nerve. Perineurium possesses considerable longitudinal 

strength and elasticity and it can accept 18-22% strain before a peripheral nerve structurally 

fails (Rydevik et al., 1990). So, the perineurium has a strong protective ability. The spinal 

nerve roots do not have a perineurial layer and are therefore less resistant to elongation 

compared to peripheral nerves (Singh, Kallakuri, Chen, & Cavanaugh, 2009). 

II.4.1.4. The ability of nerve to withstand compression 

Compression of a nerve segment causes displacement of its internal contents in 

transverse and longitudinal directions. The epineurium is the padding of the nerve and is 

what protects the axons from excessive compression and it acts as a shock-absorber to 

dissipate compressive forces (Butler, 2000). It consists of finer and less densely packed 

connective tissue than the perineurium, a feature that gives the nerve spongy qualities and 

enables the nerve to spring back when pressure is removed. Both connective tissue density 

(Keir & Rempel, 2005; Rempel, Dahlin, & Lundborg, 1999) and fascicle numbers (Sladjana, 

Ivan, & Bratislav, 2008) have been shown to be greater at regions of increased mechanical 

load, i.e. adjacent to a joint. 
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II.4.2. Peripheral nervous system responses to movement 

II.4.2.1. Dynamics between neural tension and neural movement 

The more complex mechanical events that occur during human movement are merely 

combinations of tension, sliding and compression. These events occur in both peripheral 

and central nervous systems. However, they are often achieved in different ways because 

of the existence of regional differences in anatomy and biomechanics. Always, each of the 

component mechanical events will interact with the others.  

Multiple joint movements and body position significantly influence the relationship 

between nerve excursion and strain (Coppieters & Butler, 2008). Nerve excursion that is 

present with single joint movement will diminish with additional joint movements that 

increase tension (Coppieters et al., 2006; Wright et al., 1996). Significant increases in nerve 

strain will occur once sliding diminishes and elongation occurs. It is during this elongation 

that nerve tension increases exponentially and, potentially, a similar increase in intraneural 

pressures (Topp & Boyd, 2006; Wright et al., 1996). For example, cadaver studies have 

demonstrated that tibial, medial and lateral plantar (Alshami, Babri, Souvlis, & Coppieters, 

2008) and median (Coppieters & Alshami, 2007; Coppieters & Butler, 2008) nerve strain 

significantly increased with additional joint movements that elongated the nerve bed.  

Tibial nerve strain significantly increased, during ankle dorsiflexion, as the proximal 

aspect of the nerve tract was elongated (by adding hip flexion and knee extension). The 

same phenomenon was seen in the medial and lateral plantar nerves, whereby nerve strain 

was significantly higher in a pre-tensioned position (ankle dorsiflexion) compared to an 

unloaded position (ankle plantarflexion) (Alshami et al., 2008). 

Clinically, the influence of additional neural strain and tension can be seen during 

neurodynamic testing where joint ROM decreases as tension is progressively added to the 

PNS. This is a key premise of neurodynamic testing. For example, studies which have 

examined knee ROM during a slump test have concluded that significantly less knee 

extension occurred with the addition of cervical flexion (Herrington et al., 2008; Johnson & 

Chiarello, 1997; Tucker et al., 2007). The explanation given for the reduction in knee 

extension was that cervical flexion imposed additional tension upon the neuromeningeal 

structures at the spinal cord and nerve roots which led to a reciprocal increase in tension 

further down to the sciatic nerve tract (Johnson & Chiarello, 1997; Yeung et al., 1997). 

Knee extension increases the length of the sciatic nerve bed by up to 60 mm, and 

accounts for 49% of nerve bed elongation (Shacklock, 2005). The sciatic and tibial nerves 

converge toward the knee, sliding distally and proximally respectively (Coppieters et al., 

2006). This will cause the plantar nerves to slide proximally. Knee extension is useful 
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clinically because the joint offers a large range of motion through which changes in 

symptoms can be easily observed. Hence, this movement can be used to mobilize nerves 

that are located a large distance from the knee, such as the posterior tibial nerve  

(Shacklock, 1995, 2005) or the lumbosacral nerve roots, without producing excessive 

mechanical stresses in these structures. 

Dorsiflexion of the ankle has been shown to increase tension in the tibial nerve (Alshami 

et al., 2008; Coppieters et al., 2006) and, at the height of the SLR, has at surgery been 

observed to produce movement in the lumbosacral nerve roots (Butler, 2000; Shacklock, 

2005). Clinically, dorsiflexion is frequently a valuable differentiation and sensitizing 

maneuver for the SLR because of its ability to produce movement in the sciatic nerve tract 

as far proximally as the lumbosacral nerve roots. 

Because the in situ strain is a direct reflection of cumulative nerve positioning across 

multiple joints, one must consider the effect of trunk, neck, and limb positioning during 

clinical assessment and intervention to minimize physical stress on an injured nerve. 

Lew and Briggs (1997) recorded the hamstring EMG response and tension in the biceps 

tendon in the slump position with and without cervical flexion and concluded that this 

maneuver did not further elongate the hamstring muscle group and did not elicit a hamstring 

EMG response (Blackburn et al., 2004; Lew & Briggs, 1997; M. McHugh et al., 1992).  

II.5. Conclusion 

We conclude that regarding literature there is a lack of evidence about contribution of 

PNS on muscles extensibility, particularly under passive conditions. Therefore, the 

possibility that torque-angle, EMG and stretching tolerance during passive stretch of 

skeletal muscle in healthy subjects is limited by extensibility of the neural tissues has not 

been examined previously. 

  



31 
 

III. Methods
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III.1. Design 

A quasi-experiment design study was used with a convenience sample in order to 

investigate whether different types of addition of neural tension results in different amounts 

of maximal and submaximal torque-angle measures during PKE test (see more on page 6, 

Aims and objectives of this Master research). Only healthy male subjects were chosen 

because it usually exhibits higher torque values and less maximal joint angles than female 

population (Kubo, Kanehisa, & Fukunaga, 2003). This study was approved by the local 

ethics committee and it was conducted according to the Helsinki Statement (1964). 

III.2. Subjects 

Ten male subjects (27.97±5.72 years, weight: 78.40±13.10kg, height 1.77±0.04m, 

25.06±3.97 body mass index, leg length: 38.14± 2.57 cm, hip length: 39.31 ± 4.61), with 

maximum knee extension test deficit (i.e. lower than 70º), volunteered to participate in this 

study. Subjects practiced recreational sports, but did not participate in any strength or 

flexibility training at the time of the study. None of subjects reported any known current or 

ongoing musculoskeletal lower limbs (i.e. ankle, knee and hip) and spine injuries, 

neuromuscular diseases, or orthopaedics-related problems. Consequently, no subjects had 

sustained a recent injury that may have affected the findings and the purposes of this study. 

The subjects were informed of the nature and the aim of this study before they signed an 

informed consent form. 

III.3. Protocol Procedures 

The experimental setup used was adapted and it, i.e. procedures and instruments to 

data collection and its processing, has been previously well described by Freitas et al. 

(2013). Subjects came to the Faculty of Human Kinetics Laboratory in two distinct moments.  

First, a familiarization session was performed at least two hours before the main testing 

session so as to prepare the subjects for the test protocols. Then, a short explanation about 

apparatus, articulate device to hold cervical and thoracic positions and security norms was 

told to the subjects and they were instructed to do not perform vigorous exercise before the 

testing sessions. Lastly, subjects did some trials in the passive knee extension setup until 

report confidence with the experimental condition (i.e. test angular velocity, maximal 

stretching tolerance, and specific cervical and thoracic spine positions).  

In the second moment, even before the experimental protocol, anthropometric 

measures were determined, procedures for surface electromyography (sEMG) were done 
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and reflective markers were placed in specific anatomical references. Taping was made to 

the right ankle with the aim of restrain it in a predefined static angle (according with test 

condition) and then avoid movement of the foot during knee extension test.  

Afterwards, subjects were instructed to execute the experimental protocol. It consisted 

of a comparison of maximal tolerated PKE (i.e. passive dynamic stretching of hamstring) in 

six distinct test conditions each one with different combinations of ankle and upper body 

(i.e. cervical and thoracic spine column) positions (see details in Figure 12): i. neutral 

position (N); ii. maximal active ankle dorsiflexion (AD); iii. maximal active cervical and 

thoracic flexion (CTF); iv. maximal active cervical and thoracic flexion with ankle on maximal 

active dorsiflexion (CTFAD); v. maximal active cervical extension with thoracic flexion and 

ankle on maximal active dorsiflexion (CETFAD); vi. maximal cervical extension with thoracic 

flexion (CETF). The sequence of six test conditions was performed in a balanced random 

order, and during the tests it was carefully observed that the pelvis did not modify position 

when the position of the upper body and ankle was changed. The accurate alignment of 

lower limb and pelvis was assured with two tape-measures placed on both sides (i.e. left 

and right) over the articulate device. The shift between test positions did therefore not affect 

structures relating mechanically to the knee. So it was performed one repetition of each test 

condition in total of six, per subject. The stoppage between repetitions was the minimum 

necessary to shift subject placements for the following test condition according with 

randomized order. No test was performed immediately before first test condition. 
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Figure 12. Experimental test conditions according with ankle and upper body position. 
Legend:  N - neutral position; AD - maximal active ankle dorsiflexion; CTF -  maximal active cervical and thoracic flexion; 
CTFAD - maximal active cervical and thoracic flexion with ankle on maximal active dorsiflexion; CETF - maximal cervical 
extension with thoracic flexion;  CETFAD - maximal active cervical extension with thoracic flexion and ankle on maximal 
active dorsiflexion. 

In each situation, subjects were lying in a supine position on an articulate device 

specifically designed to this study to hold maximal active positions of cervical and thoracic 

spine according with test condition protocol, with the right thigh flexed at 90 and fixed to a 

solid plaque with a velcro with 11cm wide. This was attached to a force sensor fixed to the 

plaque were the thigh was supported (see below in outcomes section - i.e. thigh fixation). 

The hip flexion caused the bi-articular hamstring muscles to limit the knee extension, so the 

subjects could not tolerate full extension of the knee. Left lower limb was controlled in a 

neutral position with straps around the limb to avoid hip flexion and external rotation, and to 

attenuate pelvic girdle movement. The right leg of the subjects was firmly strapped by a 

velcro with 13cm long, to the arm of an apparatus design and described by Freitas et al. 

(2013). The apparatus (see further details in outcomes section - i.e. passive force) fitted in 

a dynamometer shaft so that could produce a passive knee extension. The right medial 

malleolus was aligned to a specific marker of the apparatus arm in all testing conditions. All 

repetitions started with the apparatus initially positioned parallel to the ground, so the leg 

could also be at 90° to the thigh as the maximum as possible (i.e. assumed as slack length 
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position). The passive extension of knee was imposed at an angular velocity of 2°.s-1 (0.035 

rad.s-1) by isokinetic dynamometer. On test conditions where cervical and thoracic spine 

are not both in neutral positions, subjects performed maximal active movements firstly and 

then we positioned and stop the articulate device (with cervical and thoracic spine segments 

according with test condition) in order to hold it in that position (see more information forward 

- i.e. articulate device). Subjects were instructed to do not perform movements during the 

experimental protocol apart from the changes in upper body and ankle positions. We 

particularly instruct subjects to avoided any thoracic and cervical spine flexion and test 

contra lateral hip flexion and external rotation, and to report during the test the maximum 

knee range of motion without feeling pain or discomfort  in the back of the tight or knee by 

saying “ok”. In all repetitions, an examiner stopped the apparatus lever according subjects 

indication, and recorded the stretching intensity perception in a visual analog scale (VAS). 

In this way ROM was limited by the pain/stretch tolerance of the subject. At the end of 

experimental session, subjects performed three maximal voluntary isometric contraction 

(MVIC) for knee flexors and extensors, with a contraction duration of 5 seconds and 10 

seconds between repetitions, so that could determine the maximal surface EMG activity of 

the muscles tested. No attempt was made to obscure the vision of the subjects. 

III.3.1. Articulate device 

This device was designed and built to this specific study. Briefly, it was an iron device 

(i.e. to ensure greater hardiness and stability) lined with slabs of wood (Figure 13).  It allows 

free and independent movements of cervical (i.e. flexion and extension in sagittal plane 

from neutral position) and thoracic spine (i.e. flexion in sagittal plane from neutral position) 

according with test condition. This device was created to be adjustable to any subject. 

Therefore, we defined the following control anatomical points for the correct alignment of 

the body parts of subjects when lying on device: a. 7th spinous process of cervical vertebrae; 

b. 12th spinous process of thoracic vertebrae; c. 5th spinous process of lumbar vertebrae. 

Firstly, it were marked all landmarks described above and was measure the length between 

b. and c. points in standing position. Thereafter, we positioned subjects lying in a supine 

position on articulate device with c. on top of first wooden slab and b. point at the base of 

second wooden slab, according with length measure between both. The device had a 

bearing system and hand brakes to adjust positioning and to hold correct alignment of 

thoracic and cervical spine.   
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Figure 13. Articulate device allowing maximal cervical and thoracic flexion positions during CTF experimental condition. 

III.4. Main outcomes 

III.4.1. Passive force 

The apparatus described in Figure 14 was specifically designed by Freitas et al. (2012) 

to measure resistance to passive knee extension (FP). It was designed to fit the isokinetic 

dynamometer so it has a slot for the Biodex® axis, and it is composed by two veins with 

rollers sliding by a system of spheres connected a leg support platform. This allows an 

independent and free movement of the leg platform relatively to the lever device moved by 

the dynamometer with a minimum of friction. The apparatus was then projected to ensure 

that the distance from the FP measurement site to the knee axis was not affected by the 

misalignment between Biodex shaft and knee axis (lateral condyle of femur), since this 

alteration affect torque assessment. A force sensor (platform load cell 1042, Sensor 

Techniques Ltd, UK) was incorporated in the leg support platform running with 

a perpendicular direction to subject’s leg. The load cell ranged from 0 to 100kg, measured 

force with two decimals places, and it was previously calibrated to the data collection with 

different known weights (0, 2.5, 5, and 10kg). Raw force data were sampled at a 50Hz rate 

and amplified by a DAS 72.1 (Flintec, Sweden). Force was then smoothed with a low pass 

filter of 5 Hz. 
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Figure 14. Apparatus system of spheres sliding freely in two veins in order to accommodate to lever arm length 
variations along knee extension. 

III.4.2. EMG 

To monitor if the passive knee extension was imposed without any activity in the muscles 

around knee joint, surface EMG for the hamstring and quadriceps (i.e. semintendinousus - 

STEMG - and quadriceps vastus medialis - VMEMG) was used to record gross muscle activity. 

So average of surface EMG was measured during all assessments. For purposes of EMG 

signal normalization, three repetitions of 5-second maximal voluntary isometric muscle 

contractions (MVIC) were made for both knee extension and flexion with the knee at 90° in 

a Biodex, after each protocol session. Surface bipolar electrodes (Analog Devices mod. 

AD620, gain of 1000±2%) were placed horizontally 20 mm center to center over the mid-

portion of each muscle, according to SENIAM guidelines, after abrading and cleaning the 

skin. The skin was therefore previously shaved, slightly roughened through sandpaper 

abrasion and cleaned with alcohol. The ground electrode was fixed over the left patella. The 

EMG signals were amplified (Input Impedance = 5MΩ; Bandpass Filters = 10-500Hz; CMRR 

>80dB) and A/D converted (MP100 – Biopac™ Systems, 16bits) with a sample rate of 

800Hz. Once the EMG data were recorded and after visual inspection, the raw EMG signals 

were digitally band-pass filtered (20 to 400 Hz), fullwave rectified, low pass filtered with a 

Butterworth 2nd order and a frequency cut-off of 30 Hz. The average amplitude of the EMG 

signal was measured during a window of 20 miliseconds. EMG amplitude was then 

normalized using as reference the EMG of the maximum MVIC for both muscles. A value 

of EMG than 3% of MVIC was considered the cutoff value to ensure a passive condition. 
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III.4.3. Joint angle 

Ankle (Ankle), knee (Knee), hip (Hip), thoracic (Thoracic) and cervical (cervical)   angles 

were assessed by collecting kinematic data in a sagittal plan (i.e. 2D) using a digital camera 

(JVC, GR-DVL9800U).  

Skin reflective markers (see at Figure 13) were placed over the following anatomic points 

in order to determine aforementioned joint angles: head of 1st metatarsal, medial femoral 

condyle, and medial tibial malleolus of the right lower limb; great trochanter of the left femur; 

in the left side of the trunk at the intersection of the transverse line passing over the spinous 

process of the 1st lumbar vertebrae and the line linking the greater trochanter and the 

midaxilar point; acromion of the left upper limb as a projection of the 7th cervical vertebra; 

and mastoid apophysis of the left side of cranium. The digital camera was aligned 

perpendicular to Biodex axis at a distance of 3.02 meters, and thus perpendicular to subject 

position. The sites of these markers were chosen to allow video recording of overall body 

segments in a sagital plan, and assure operational conditions to execute the stretching 

protocol. Data were sampled at a 50Hz rate and processed using Ariel Performance 

Analysis System (APAS®) to get joint angles. Additionally, Knee was also assessed during 

the stretching protocols through the position output from Biodex with a 50Hz sample rate 

(as well Biodex torque), by aligning knee axis (lateral femoral epicondyle) as close as 

possible to dynamometer fulcrum. Ankle angle of the right lower limb was measured by a 

digital goniometer before and after each stretching repetition in the starting position, in order 

to assure equal ankle angles among test conditions with the same protocol (i.e. Neutral 

ankle position or maximal active ankle dorsiflexion). Goniometer fulcrum was placed over 

the medial tibial malleolus, and arms were aligned with the imaginary line between medial 

tibial malleolus and the femur medial condyle and head of 1st metatarsal. 

III.4.4. Thigh stabilization 

A force sensor (platform load cell 1042, Sensor techniques Ltd, UK) was attached to the 

platform that stabilized the thigh so that could record the force produced by the velcro to 

fasten the thigh. Force collecting data was done using similar equipment and procedures 

used to collect the Fp. The thigh clamping force was first determined when setting up the 

subject for the first repetition ensuring the least possible movement of the thigh and the 

most comfort of the subject. For the follow repetitions, the examiner reproduced as closely 

as possible the force applied in the first repetition by reading immediately after determining 

clamping force, because it was seen that this force tends to decrease over time after 

tightening due to the viscoelastic nature of the soft tissues. The thigh clamping force was 
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continuously recorded during the stretching maneuvers in all repetitions. 

III.4.5. Anthropometric measures 

Height, weight and leg length was accessed according ISAK guidelines, and 

convectional instruments. Leg length (Lleg) was determined by the distance between medial 

tibial malleolus and femur medial condyle. 

III.4.6. Data processing 

All data were synchronized and recorded using BIOPAC MP100 Acquisition System 

Version 3.5.7 (Santa Barbara, USA), with the exception of Knee assessed from the digital 

camera that used a manual trigger linked to Acknowledge Software to synchronize. Data 

was then synchronized and processed by a specific designed automatic routine using the 

MATLAB® v7.0 software (The Mathworks Inc, Natick Massachusetts, USA). This routine 

processed data from both direct measures (i.e. APAS and passive force).  

This routine completed the follow steps: i. Knee passive torque (PT) for direct measure 

were determined by multiplying passive resistance to knee extension (Fp) by the leg length 

(Lleg); ii. Torque data was gravity corrected by subtracting the leg-foot-device weight (WLFD) 

to the torque of direct measures, using a simple cosine function (M. McHugh et al., 1992). 

The WLFD was previously determined in the testing start position, by measuring the average 

force in one-second interval just previous to the beginning of dynamic phase (i.e. passive 

knee extension). This was done assuming that leg-foot-device center of mass was 

horizontally aligned to dynamometer shaft, and tissues mobilized in this stretching 

maneuver were in a slack length at the starting position. Summarily, processing data of 

these two steps were executed by the follow equation: 

PT = (FP  LLeg) - (cos Knee  WLFD  LLeg) 

The routine processed the data with the knee angle (Knee) and direct torque (TKnee) obtained 

from digital camera and force sensor separately for further treatment and comparison. Then, 

iii. a specific designed mathematical model were fitted to the torque-angle data for the 

dynamic phase so that could eliminate forces artifacts. This model consisted on a specific 

mathematical model proposed by Bruno, Freitas, & Vaz (2013) that was fitted to the torque-

angle data for dynamic phase (Bruno et al., 2013). Briefly, dynamic phase was fitted with 

an exponential model given by the equation: 

   1
D 0 1

0 1

A t
f t b 1 exp ln 1 , 0 t T

b T
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Where b0 is a parameter to be estimated, T1 is the last time of dynamic phase, and A1 

is the true observed ordinate of T1. 

Besides force and ROM measures processing, the automatic routine also normalized 

the EMG activity of the muscles tested to the maximal EMG obtained in MVIC for knee 

extension. 

III.5. Statistical analysis 

Data were processed in IBM SPSS Statistics 20.0 (IBM Corporation, New York, USA) 

software. In general, descriptive statistics were reported as mean and standard deviation 

(mean±SD). Data were tested for normality with the Shapiro-Wilk and Kolmogorov tests 

(P>0.05) and no serious violations were noted. A two-way repeated measures ANOVA 

[ankle position (neutral vs dorsiflexion) x upper body position (neutral vs thoracic and 

cervical flexion vs thoracic flexion and cervical extension)] was conducted. Post-hoc 

analysis was carried out with Bonferroni test. The additional assumption of sphericity was 

assessed by the Mauchly’s test and was in general confirmed (when it was violated, the 

degrees of freedom were corrected using Greenhouse-Geisser estimates). Intraclass 

correlation coefficients (ICC3,1, was chosen according Chen & Barnhart 2008) and their 95% 

confidence limit (CI) were computed to determine the reproducibility of the torque-angle 

parameters between measures. The ICCs were classified as follows: 0.90-0.99, high 

reliability; 0.80-0.89, good reliability; 0.70-0.79, fair reliability; <0.70, poor reliability (Sekir et 

al., 2008). Statistical significance was set at p-value<0.05. 
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IV. Results
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IV.1. Experimental condition 

IV.1.1. Test condition 

Articular angles, i.e. ankle, knee, hip, thoracic and cervical, from start positions were 

calculated for each test condition in order to evaluate and ensure reliability, between tests 

conditions, in setup devices and approaches used to hold maximum active required 

positions during experimental tests.   

Table 1. Ankle, knee, hip, thoracic and cervical spine start angles according with test condition 

 N AD CTF CTFAD CEFT CEFTAD 

Ankle  127.3±5.1º 118.6±9.2º 127.1±5.1º 114.4±7.1º 128.9±4.4º 115.9±9.1º 

Knee  86.0±6.1º 84.9±6.1º 82.1±6.5º 82.5±8.4º 81.5±6.3º 82.3±6.3º 

Hip  88.1±5.1º 87.5±4.0º 84.3±4.3º 84.0±5.0º 80.0±6.1º 80.2±5.5º 

Thoracic 181.3±4.1º 181.1±4.6º 153.0±5.2º 152.9±5.0º 163.5±4.8º 163.1±2.9º 

Cervical 188.1±25.5º 188.1±24.7º 109.9±7.8º 117.1±8.6º 214.0±19.8º 215.1±18.4º 

Values are given as mean ± SD. 

 

 

Figure 15. Ankle, knee, hip, thoracic and cervical spine start angles according with test condition 

 

There were statistically significant differences (F(1,18)=36.41, P<0.001) for ankle start 

angles between overall test conditions with dorsiflexion of the ankle and tests with ankle in 

neutral position (Table 1).  

The mean values of knee start angle were similar for all protocol conditions. Start angles 

of knee varies about 4.5º (5.2%) between maximum (i.e. N) and minimum (i.e. CETF) 

averaged values of test conditions (Table 1). No significant differences were found between 

interaction measures of ankle and trunk positions on all test conditions in knee start angle 

variable (F(2,18)=1.31, P>0.05). When cervical flexion and extension, combined with thoracic 
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flexion, components were added to neutral position (i.e. N), a decrease in start angle 

position was observed.  

Hip start angles differed between experimental setup conditions. The average scores of 

hip start angles varied about 8.1º (9.2%) between experimental conditions. No significant 

differences were found between measures taken on all test conditions in hip start angle 

variable (F(2,18)=0.48, P>0.05). However, correlations had poor reliability (ICC=0.593 ranged 

from 0.243 to 0.858; CI=95%). When statistics were made only for hip positions according 

with upper body positions (i.e. neutral position; cervical and thoracic flexion; cervical 

extension and thoracic flexion), we observed significant differences between all of them 

(F(2,18)=42.54, P<0.001). 

Significant statistical differences (F(2,18)=236.31, P<0.001) among upper body 

measurements were seen in thoracic start angle between conditions (neutral position vs 

cervical an thoracic flexion vs cervical extension and thoracic flexion) (Table 1). No 

significant differences among thoracic start angle measurements were seen for ankle 

position factor (F(1,9)=0.14, P>0.05) (dorsiflexion vs neutral) and for interaction of upper body 

and ankle positions (F(2,18)=0.01, P>0.05).  

Cervical start angles of test conditions (Table 1) were statistically significant different 

(F(2,18)=222.01, P<0.001) for upper body test conditions (neutral position vs cervical and 

thoracic flexion vs cervical extension and thoracic flexion). When comparisons were made 

for ankle position (ankle dorsiflexion vs ankle neutral) start angles significant differences 

were not found (F(1,9)=0.88, P>0.05).     

IV.1.2. Rest intervals between repetitions 

The mean time between assessments was 4.3±4.0 minutes (mean±SD). The time for 

repositioning subjects decreased throughout the experimental protocol (i.e. 1st  to 2nd  

repetition was 6.3 minutes; 2nd  to 3rd  repetition was 4.8 minutes; 3rd  to 4th repetition was 4 

minutes; 4th to 5th repetition was 3.5 minutes; and 5th to 6th was 2.8 minutes) (Table 2). No 

significant differences were found between rest intervals of all experimental conditions 

(F(1,9)=2.00, P>0.05). 

Table 2. Time mean between assessments 

Repetitions 1-2 2-3 3-4 4-5 5-6 Total 

Time (minutes) 6.3±7.4 4.8±3.6 4.0±3.0 3.5±1.4 2.8±0.9 4.3±4.0 

Values are given as mean ± SD. 
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Figure 16. Time mean between test repetitions 

IV.1.3. Thigh clamping force 

No significant differences among measurements were seen in thigh clamping force 

values (mean±SD; 10.9±1Kg).  

IV.2. Maximum values 

Table 3. Mean values of maximum values (ROM, peak torque, VAS and EMG) per each test condition 

 Test conditions 

 N AD CTF CTFAD CEFT CEFTAD 

Maximum ROM* (º) 55.9±10.9 50.3±6.9 50.8±8.3 50.9±8.4 51.7±7.8 50.1±8.3 

Peak torque (N.m) 44.7±13.0 39.8±9.7 45.8±17.0 44.2±15.6 45.6±13.2 43.2±14.1 

VAS at maximum ROM 70.0±22.0 64.70±24.6 68.9±19.1 68.3±22.2 65.4±27.2 70.7±23.7 

VMEMG (%) 0.05±0.07 0.04±0.06 0.07±0.12 0.06±0.10 0.04±0.06 0.06±0.10 

STEMG (%) 0.05±0.04 0.05±0.04 0.05±0.05 0.05±0.06 0.04±0.03 0.05±0.04 

Values are given as mean ± SD. 
ROM, range of motion; *Higher value = more flexible/extended knee. 
VAS, visual analogic scale. 
EMG, electromyography; STEMG, semintendinousus electromyography; VMEMG, quadriceps vastus medialis. 

Changes in the mean scores of maximum ROM accepted by the subjects were observed 

between test conditions (Table 3). Maximum ROM was greater (between 7.5 and 10.4%) 

for neutral position (N) versus all other conditions: AD, CTF, CTFAD and CEFTAD. Between 

AD, CTF, CTFAD, CETF and CETFAD conditions, maximum ROM values ranged about 

1.6º (3.1%). No significant differences (F(2,18)=42.93, P>0.05) among maximum ROM 

measurement were seen for ankle factor and upper body factor positions interaction. For 

ankle position factor (ankle dorsiflexion vs ankle neutral) we observed significant differences 

for maximum ROM accepted by subjects (F(1,9)=84.73, P=0.04). 
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When ankle dorsiflexion was added (i.e. AD, CTFAD and CEFTAD), we observed a 

decrease in maximum torque compared to the same test with ankle in neutral position (i.e. 

N, CTF, CEFT) (Figure 17). Maximum torque accepted by subjects were significant different 

for ankle position (ankle dorsiflexion vs ankle neutral) (F(1,9)=5.25, P=0.04). Maximum torque 

values were not statistically significant for upper body and ankle position factors interaction 

(F(2,18)=0.31, P>0.05).  

 

Figure 17. Maximum mean values of maximum (ROM and peak torque) per each test condition 

 

VAS did not differ for interaction of ankle position with upper body position (F(2,18)=0.86, 

P>0.05). It varies about 8.5% between minimum (i.e. AD test condition) and maximum (i.e. 

CEFTAD test condition) average values accepted by subjects for each condition (Table 3). 

No significant differences were seen on STEMG and VMEMG between ankle and upper body 

positions (Table 3).  

IV.2.1. Influence of ankle dorsiflexion on maximum torque-angle values 

Table 4. Averaged results from 10 subjects; changes in knee-joint range of motion (ROM) and in passive resistance 
to knee extension (torque) between ankle neutral and dorsiflexion position for three upper body positions 

Mean change 
ROM  Peak Torque 

Mean P-value  Mean P-value 

N vs AD 5.6±7.7º 0.05 4.9±6.4 Nm 0.04 

CTF vs CTFAD -0.1±3.4º 0.96 1.6±7.6 Nm 0.54 

CETF vs CETFAD 1.6±7.3º 0.52 2.4±11.9Nm 0.54 

Values are given as mean ± SD. 
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Changes in maximum ROM accepted by the subjects were observed between neutral 

and dorsiflexion position of ankle. Furthermore, the peak torque was observed to change in 

accordance with ROM. The decrease in mean ROM, when changing from neutral to 

dorsiflexion ankle position, was observed between N vs AD and CETF vs CETFAD 

condition. Peak torque decreased (P>0.05) with the addition of ankle dorsiflexion to neutral 

position (Table 4).  

IV.2.2. Influence of upper body position on maximum torque-angle values 

Table 5. Averaged results from 10 subjects; changes in knee-joint range of motion (ROM) and in passive resistance 
to knee extension (torque) between upper body positions for data related to shift in ankle position 

Mean change 
ROM  Peak Torque  

Mean P-value  Mean P-value 

A
n

k
le

 

n
e
u

tr
a

l N vs. CTF 5.1±9.9º           0.14 -1.1±9.6 Nm 0.73 

N vs. CETF 4.2±9.3º 0.19 -0.9±9.2 Nm 0.76 

CTF vs. CETF -0.8±6.4º 0.69 0.2±12.6 Nm 0.97 

A
n

k
le

 

d
o

rs
if

le
x
io

n
 

AD vs. CTFAD -0.6±4.1º 0.64 -4.4±7.4 Nm 0.10 

AD vs. CETFAD 0.1±3.0º 0.88 -3.4±6.1 Nm 0.11 

CTFAD vs. CETFAD  0.8±4.9º 0.62 1.0±7.2 Nm 0.68 

Values are given as mean ± SD. 

The upper body position was also reflected in peak torque and ROM values. The 

accepted torque was generally found to be higher (P>0.05) when cervical and thoracic 

components were added to neutral position (N) (Table 5). No significant differences were 

found on changes in maximum ROM and peak torque between neutral positions and upper 

body modified positions. A seemingly clear statistic results were found when the ankle joint 

was fixed in dorsiflexion compared to neutral position.   

IV.3. Submaximal torque-angle curves 

The increase in resistance to stretch with the increasing stretch was progressively 

greater for the tests with cervical and thoracic flexion (i.e. CTF) versus tests with cervical 

and thoracic spine in neutral position (i.e. N). 
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Table 6. Results of torque-angle parameters in assessments by different upper body and ankle positions 

Ankle 

Position a 
Neutral a1 Dorsiflexion a2 

Trunk 

Position b 
N b1 CTF b2 CETF b3 AD b1 CTFAD b2 CETFAD b3 

T100 0.75±0.26 0.91±0.42 0.82±0.26 0.76±0.33 0.83±0.28 0.80±0.28 

T200 1.61±0.54 1.94±0.86 1.75±0.54 1.63±0.69 1.77±0.59 1.72±0.59 

T300 2.58±0.58  * 3.11±1.34  * 2.80±0.85 2.61±1.09 2.84±0.93 2.76±0.93 

T400 3.69±1.19  * 4.41±1.86  * 3.99±1.20 3.73±1.53 4.05±1.31 3.94±1.30 

T500 4.95±1.56  * 5.89±2.41  * 5.35±1.59 5.01±2.01 5.43±1.72 5.28±1.70 

T600 6.37±1.97  * 7.55±3.00  * 6.89±2.01 6.46±2.54 7.00±2.17 6.81±2.13 

T700 8.00±2.41  * 9.43±3.63  * 8.64±2.48 8.12±3.13 8.78±2.67 8.55±2.61 

T800 9.84±2.89  * 11.56±4.30* 10.63±3.00 10.01±3.76 10.80±3.22 10.52±3.12 

T900 11.94±3.42* 13.96±5.01* 12.89±3.58 12.15±4.46 13.09±3.82 12.78±3.69 

T1000 14.33±4.00* 16.67±5.75* 15.45±4.22 14.60±5.22 15.70±4.47 15.34±4.29 

Values are reported as mean±SD. Legend: T100 - Torque at 3°; T200 - Torque at 7°; T300 - Torque at 
10°; T400 - Torque at 13°; T500 - Torque at 16°; T600 - Torque at 19°; T700 - Torque at 23°; T800 - 
Torque at 26°; T900 - Torque at 29°; T1000 - Torque at 32°. (*) P<0.05  
1 - Significant differences were found between trunk position (b) for T300, T400, T500, T600, T700, T800, 
T900 and T1000 for torque variable. Bonferroni multiple comparisons shows significant differences 
between b1 vs b2 trunk positions for ankle in neutral position (a1).  
2 - No significant differences were found between measures taken in T100, T200, T300, T400, T500, T600, 
T700, T800, T900 and T1000 in a*b interaction for torque variable. 
3 - No significant differences were found between measures taken in T100, T200, T300, T400, T500, T600, 
T700, T800, T900, andT1000 for ankle position [a = (a1 vs a2)] factor in torque variable. 

 

 

Figure 18. Resistance to stretch throughout the common submaximal range of motion (ROM) for the six test conditions 
At maximum submaximal ROM CTF condition is higher than N about 14% (P<0.05)  
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V. Discussion
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The main finding in this study was that adding neural tension components (namely 

thoracic and cervical flexion – CTF test condition), during a hamstring stretch, significantly 

increased the resistance to stretch observed on torque-angle curves (for submaximal ROM) 

compared with a hamstring stretch with the spine in a neutral position (N test position). 

Observed effects were, for example, 14% significantly higher for resistance to stretch at the 

highest submaximal common angle between CTF vs N conditions. Therefore we shown that 

trunk position (i.e. namely cervical and thoracic segments) significantly affects torque-angle 

response during PKE test. Increased resistance to stretch had also higher values on 

cervical extension and thoracic flexion (CETF and CETFAD conditions) compared with 

spine in neutral position (N and AD) but lower when it was compared with cervical and 

thoracic flexion (CTF and CTFAD conditions) (Figure 18).  

Maximal flexion of the all spine is used in the slump test as described by Maitland (1985). 

Similarities can be found between hamstring torque-angle assessment, e.g. experimental 

setup used by Magnusson (1998) and slump test. We can also find relationships between 

this assessment and positions of test conditions used in this study (although being inverted 

positions). Spinal flexion, including cervical flexion, places traction on the lumbosacral nerve 

roots and sciatic nerve. Breig & Marions (1963) and Ko et al. (2006) reported that the dura, 

root sleeves, cord, and nerve roots move cranially during maximum flexion of the trunk. Full 

spinal flexion, or flexion of the cervical, thoracic, and lumbar regions of the spine, produces 

lengthening of the vertebral canal. Thereafter, when the vertebral canal is elongated, the 

spinal dura is stretched, transmitting tension to the spinal cord, lumbosacral nerve root 

sleeves, and nerve root (Breig & Marions, 1963; Kleinrensink et al., 1995; Reid, 1960).  

During full spinal flexion, the cauda equina becomes taut and the lumbosacral nerve roots 

and root sleeves are pulled into contact with the pedicle of the superior vertebra. However, 

when extension of the cervical spine is introduced, the dura and the nerve roots slacken as 

the vertebral canal begins to shorten (Breig & Marions, 1963; Reid, 1960). In other hand, 

cervical flexion places additional tension on the lumbosacral nerve roots by placing traction 

on the neuromeningeal tract and therefore can influence nerve root/sciatic tension (Breig & 

Marions, 1963; Butler, 2000; Shacklock, 2005). We verified in this study that cervical and 

thoracic spine flexion (performed at the simultaneously) have direct influence on resistance 

to stretch of hamstring muscle during PKE when it was compared with neutral position.   

It was also shown that cervical flexion caused higher torque values than cervical 

extension for submaximal common ROM (for the same thoracic flexion position). 

Accordingly, it can be assumed that the cervical and thoracic components play an important 

role in the torque-angle relationship during PKE caused by the possible tension that they 

can apply on the neural tract according with their positioning.  
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Tensioning of the neural structures during passive stretch is the basis of the slump test. 

We observed that in the absence of significant contractile activity (low EMG signal) an 

increased resistance to hamstring stretch in CTF/CTFAD condition could be attributed to 

tensile force applied along neural tract. The increased resistance to stretch was not due to 

a change in the contractile response to stretch. The contractile response did not differ 

between test conditions. The small EMG response (semintendinousus and quadriceps 

vastus medialis) to passive knee extension among test conditions is consistent with 

previous work (Laessøe & Voigt, 2004; McHugh et al., 2012) and emphasizes that 

resistance is primarily due to passive extensibility of the tissues under stretch.  

 Ankle position seems affect resistance to stretch on maximum ROM. We verified a 

decrease in torque maximum values when dorsiflexion of ankle was performed to neutral 

ankle position for three upper trunk position (Figure 17).  

A dorsiflexion in the ankle joint is believed to add to a stretch on the sciatic nerve (Breig, 

1978). Therefore, another verified fact was that ankle dorsiflexion position during a 

hamstring stretch resulted in a slightly decreased in the maximum ROM that the subject 

could achieve (Figure 17). These observations could therefore support the view that 

elongation of the peripheral nerve tissue can play a role in stretch tolerance. Thus this 

finding supports the view that ROM can be influenced by stretch tolerance and that the 

stretch tolerance apparently is acutely diminished when an ankle dorsiflexion is assumed. 

It is known that dorsiflexion also limits maximum active knee extension ROM in slump test 

(Johnson & Chiarello, 1997). These results are agreement with those achieved by Laessøe 

& Voigt (2004) and McHugh et al. (2012) studies. Furthermore, gastrocnemius are 

biarticular muscles since they cross the knee and ankle joint. Therefore, passive stretch of 

those muscles (with ankle in dorsiflexion) would provide additional passive stretch to the 

hamstring because tension in the gastrocnemius muscles would tend to pull the knee into 

extension.    

The experimental setup has still some limitations on the measures taken as well 

describe Freitas et al. (2012): i. the weight of device may have produced transverse forces 

during knee extension, and thus may have affected the measure of force perpendicular to 

the leg; ii. the marker of tested trochanter was assumed to be aligned with non-tested 

trochanter, and that may have affected the exact positioning of hip/thigh tested in testing 

sessions; iii. the clamping force of leg fixation was not controlled; iv. in some individuals it 

was observed some tibial external rotation during knee extension, that may have affected 

the force measurement; v. some subjects reported foot numbness, probably originated from 

leg and thigh fixation, and this may have affected subject perception and consequently 

maximum knee angle performed. Furthermore, the articulate device used to set upper body 
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positions could lead a misalignment of pelvis between six experimental conditions since 

there was not any type of pelvic or lumbar fixation. Thus a difference in sagittal plane pelvic 

rotation between the six stretch techniques is an important confounding factor in the 

experimental intervention used in this study. Because marked differences in submaximal 

resistance to stretch were substantial between test conditions, the confounding factor was 

probably not a limiting factor. However, O’Sullivan et al. (2006) documented posterior pelvic 

tilt in slump test position which is also compatible with cervical and thoracic in flexion 

position. These positions may decrease the stretch on the hamstring and therefore torque-

angle measurement.   

Moreover, since cervical position can influence submaximal torque-angle results, also 

pressure imposed to cervical in order to hold it in flexion position can change results. 

Cervical flexion has been widely used as an additional maneuver, usually executed by an 

external forces (e.g. manually by physiotherapists), to the slump test in order to further 

tension the neural system leading to further neural sensitization and symptom reproduction 

(Breig & Troup, 1976; Butler, 2000; Shacklock, 2005). In this study we try to avoid this bias 

instructing subjects to do maximal active cervical flexion and then we hold it through 

articulate device properties. Therefore, we supposed that pressure over occipital bone was 

constant during tests ensuring no variations between experimental conditions. In other 

studies accessing PKE, it is common to see Magnusson’s experimental protocol with the 

subject seated in the dynamometer chair and the tested thigh flexed 30° to a horizontal line 

(Laessøe & Voigt, 2004; Magnusson, 1998; McHugh et al., 2012). Freitas et al. (2012) 

showed that altering the non-tested thigh position affects the torque-angle response and 

stretching tolerance. Therefore we speculate if reliability it is not affected in that testing 

experimental position since non-tested thigh was not stabilized. Another issue it is regarding 

studies that argue that flexibility gains are consequence of stretch tolerance mechanisms. 

As seen in the present study, either stretch intensity and torque-angle outcomes changed 

with the position of foot and upper body segments.  We speculate if in that testing posture 

in which the position of the body segments easily changes without real perception by the 

tester that will not affect the reliability of the test.  

Other elements such as back muscles and spinal ligaments are mechanically effected 

by the shift in upper-body position. For example, deformation of the lumbodorsal fascia 

occurs when a slump position is assumed, and also the back muscles would be involved. 

Within the passive structures, it appears that there is an elongation in the tendon-

aponeurosis complex and muscle fascia during passive stretch. Those factors could also 

contribute to stretch tolerance and resistance to passive torque during PKE with various 

upper body positions.   
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Prospective studies on hamstring injuries have reported that injured elite soccer players 

had significantly reduced hamstring flexibility in comparison with un-injured elite soccer 

players (Bradley & Portas, 2007; Witvrouw et al., 2003) and older retrospective studies 

reported that previously injured athletes had significantly lower hamstring flexibility in 

comparison to un-injured athletes (Jönhagen et al., 1994; Worrell, Perrin, Gansneder, & 

Gieck, 1991). Worrell et al. (1991) reported an asymmetry between legs (i.e. injured and 

non-injured leg) in hamstring flexibility during rehabilitation after injury, with the injured leg 

being significantly less flexible. This lack in injured leg flexibility can be attributed to adverse 

neural tension which was described as abnormal physiological and mechanical responses 

produced from the nervous system structures when their normal range of movement and 

stretch capabilities are tested (Butler, 2000; Shacklock, 2005; Turl & George, 1998). Our 

results showed increased tension during changes of upper body position compatible with 

PNS manipulation. Traditional static stretching techniques that involve the combination of 

cervical flexion, hip flexion and dorsiflexion have been shown to increase neural tension 

(Turl & George, 1998). Since tensioning of the neural structures during passive stretch is 

the basis of the neural tension tests (Butler, 2000), increased tension in injured athletes 

may be due to resistance to elongation of the neural tissues (intraneural) or adhesions 

between the neural tissues and the surrounding tissues preventing the neural tissues from 

gliding freely (extraneural) (Turl & George, 1998). In order to assess hamstring flexibility 

and avoid neural tension Hunter & Speed (2007) recommend the active knee extension test 

as opposed to the straight leg raise. However in this study we verified that positions of non-

mechanically direct related segments, e.g. ankle and upper body positions, should be taken 

in account during these kind of exercises in order to avoid additional tension on hamstring 

muscle (for example, during rehabilitation protocol).  

V.1. Perspectives 

In this study the increase in passive torque to hamstring stretch for submaximal ROM 

on cervical and thoracic flexion, in absence important or EMG activity, indicates that 

manipulation of body segments positions, which are not mechanically related with knee 

joint, can contribute to musculoskeletal flexibility. Therefore we can hypothesize that 

elongation of neural tract can influence hamstring flexibility.  

We observed that voluntary accepted knee joint ROM and torque could be influenced 

by stretch of structures that there were not mechanically related to the knee, namely ankle 

position. Therefore stretch tolerance may be affected by positioning of those segments and 

clear by local mechanical structures as described in review of literature.    
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These findings are relevant outcomes both to researchers, i.e. for torque-angle 

experimental assessments, and to clinicians, e.g. physiotherapists and sport specialists, in 

order to better assess hamstring injuries and define rehabilitations protocols.     
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Appendix III 

Articulate device design specifically for this study with the aim to hold maximal active 

positions of cervical (flexion, neutral and extension) and thoracic (flexion and neutral) spine.  

 

 

 

 

 

 


